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PREFACE. 

THE  second  volume  of  our  work  on  Practical  Physics 
is  based  on  the  same  lines  as  those  of  its  predecessor. 
We  have  adhered  to  the  plan  of  subdivision  into  a 
series  of  Lessons,  each  descriptive  of  something  to  be 
done  by  a  definite  method  with  definite  apparatus. 

It  has  been  thought  desirable  to  make  the  first 
three  chapters  introductory  to  the  rest  of  the  work. 
Many  teachers  will,  we  doubt  not,  agree  with  us  that 
the  advantages  resulting  from  such  a  preliminary 
course  are  very  considerable,  for  not  only  does  the 
student  become  practically  acquainted  with  some  of 
the  leading  principles  of  the  science,  but  he  has  also 
his  inventive  and  constructive  faculties  developed. 
These  three  first  chapters,  taken  in  connection  with 
some  elementary  text-book  on  Electricity  and  Magnet- 
ism, and  combined  with  attendance  at  a  course  of 
elementary  lectures,  will  enable  the  student  to  grasp 
without  difficulty  the  less  elementary  chapters  that 
follow. 
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vi  PREFACE. 

Chapter  IV.  deals  with  the  methods  of  Measure- 
ment of  Resistance.  The  importance  of  this  subject 
justifies  the  extended  treatment  it  has  received. 

Chapter  V.  treats  of  the  Tangent  Galvanometer,  its 
practical  applications,  and  the  methods  of  determining 
its  constants. 

The  general  use  of  the  magnetometer  and  dip  circle 
of  the  Kew  pattern  at  British  Observatories  has  induced 
us  to  describe  fully  in  Chapter  VI.  the  manipulation 
of  these  particular  instruments,  and  the  corrections 
necessary  for  the  accurate  determination  of  the  Mag- 
netic Elements. 

We  would  especially  direct  attention  to  Chapter 
VII.,  on  Electro-Magnetism  and  Electro- Magnetic  In- 
duction. In  this  chapter  the  plan  of  giving  qualitative 
experimental  work  has  been  extensively  introduced, 
for  we  find  that  only  by  such  experiments  can  students 
really  grasp  the  meaning  of  such  things  as  lines  of  force 
and  their  application. 

Chapters  VIII.  and  IX.  deal  respectively  with  the 
Condenser  and  the  Electrometer. 

We  have  supplemented  the  work  with  several 
Appendices.  The  more  important  of  these  contain 
the  application  of  Kirchhoff  s  laws  and  an  elementary 
account  of  Potential  and  Lines  of  Force. 

An  examination  of  this  volume  will  show  (1.)  That 
much  of  the  apparatus  described  is  of  a  simple 
character,  such  as  can  be  readily  made  in  the  work- 
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shop  of  a  physical  laboratory  without  special  appli- 
ances. (2.)  That  we  have  restricted  ourselves,  as  a  rule, 
to  a  few  typical  methods  and  typical  instruments.  (3.) 
That  copious  references  to  fuller  sources  of  informa- 
tion have  been  given.  This  last  point  we  esteem  to 
be  one  of  considerable  importance  in  a  science  which 
is  rapidly  changing,  being  especially  valuable  to  the 
English  reader,  who  has  not  the  advantage  of  reference 
to  a  general  treatise  such  as  Wiedemann's  Elektricitdt. 
(4.)  That  additional  exercises  are  given,  calculated  to 
lead  the  student  on  to  some  branch  of  original  work. 
(5.)  That  theoretical  explanations  have  been  entered 
into,  more  especially  where  it  was  necessary  that  the 
ordinary  work  should  be  supplemented. 

For  help  in  developing  the  methods  we  are  much 
indebted  to  several  students  in  our  laboratory,  espe- 
cially to  Messrs.  H.  Holden,  B.Sc. ;  E.  J.  Okell ; 
J.  H.  Hume-Eothery,  B.Sc. ;  W.  Armistead ;  J.  Shep- 
herd; C.  H.  Lees,  B.Sc.;  and  E.  W.  Stewart.  For 
the  special  services  of  preparing  a  number  of  dia- 
grams and  the  verification  of  numerical  work  we 
must  thank  Mr.  E.  J.  Okell  and  Mr.  C.  H.  Lees 
respectively.  Messrs.  Holden,  Lees,  and  Stewart  have 
also  assisted  in  the  correction  of  proofs. 

Much  of  the  apparatus  has  been  constructed  by 
the  mechanical  assistants  of  the  Owens  College  Physi- 
cal Department  —  Messrs.  E.  Binyon  and  James 
Griffiths ;  principally  by  the  latter,  who  also  has 
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had  charge  of  the  preparation  of  photographs  from 
the  apparatus. 

We  must  again  thank  Mr.  J.  D.  Cooper  for  the 
care  he  has  taken  with  the  engravings. 

Finally,  we  must  express  our  acknowledgment  of 
the  service  of  Professor  T.  H.  Core  in  correcting 
proofs,  and  for  the  suggestions  received  from  several 
other  colleagues,  especially  from  Dr.  Schuster,  who  has 
been  good  enough  to  read  through  several  parts  of 
the  book. 


THM  OWENS  COLLEGE,  MANCHESTER, 
March  1887. 


CONTENTS. 


CHAPTER    I. 

ELEMENTARY    ELECTROSTATICS. 

Lesson  Article  Page 

I.  ELECTRIFICATION  BY  FRICTION  AND  CONDUCTION  .  1        1 

The  Gold-leaf  Electroscope         ,  12 

II.  ELECTRIFICATION  BY  INDUCTION   ....  24 

III.  THE  ELECTROPHORUS  OF  VOLTA    ....  38 

IV.  FARADAY'S  ICE  PAIL  EXPERIMENTS       ...  4      10 
V.  ELECTRIFICATION  BY  FRICTION  (Continued)   .  5       13 

VI.  EFFECT  OF  A  CONDUCTING  ENCLOSURE  .        .        .  6      15 

Summary  of  Laws      ......  7       16 

Fundamental  Quantitative  Law          .         .         .  8       17 

Definition  of  Electrostatic  Unit  of  Quantity        .  9       18 

CHAPTER    II. 

MAGNETISM FUNDAMENTAL    LAWS   AND   EXPERIMENTS. 

Definition  of  a  Magnet        .....  10       19 

VII.  FUNDAMENTAL  EXPERIMENTS        .         .         .  11       20 

Description  of  the  Magnetoscope         .         .         .  11       20 

VIII.  THE  MAGNETIC  FIELD  ......  12      24 

Quantitative  Relations        .         .         .         .        .  13       26 

The  A  and  B  Tangent  Positions  of  Gauss   .         .  13       31 

IX.  ACTION  OF  A  MAGNET  ON  A  MAGNET    .        .        .  14      32 

Method  of  Sines         . 15       35 

Determination  of  MH  16       36 


x  CONTENTS. 

Lesson  Article  Page 
X.  DETERMINATION    OF    H   (HORIZONTAL    FORCE) 

AND  M  (MAGNETIC  MOMENT)      .         .         .  17  37 

Determination  of  M         .....  18  41 
Variations  of  Magnetic  Moments  under  different 

Conditions 19  42 

XL  EFFECT  OF  TEMPERATURE  ON  MAGNETISM  .         .  20  42 

Distribution  of  Magnetism  Introduced     .         .  21  45 
XII.  DISTRIBUTION    OF    MAGNETISM — METHOD    OF 

VIBRATIONS 22  46 

XIII.  DISTRIBUTION  OF  MAGNETISM — THE  TEST-NAIL 

METHOD     .......  23  51 

CHAPTER    III. 

VOLTAIC  ELECTRICITY FUNDAMENTAL  LAWS  AND  MEASUREMENTS. 

General  Remarks 24  54 

XIV.  FUNDAMENTAL  EXPERIMENTS     ....  25  54 

Fitting  up  the  Battery 25  55 

Charging  it    .         .         .         .         .         .         .  25  57 

Necessary  Precautions     .....  25  58 

Various  Experiments       .....  25  59 

Electrolysis  Introduced  .....  26  67 

XV.  THE  DANIELL'S  CELL  AND  COPPER  PLATING        .  27  67 

The  Galvanoscope  Introduced          .         .         .  28  72 

XVI.  THE  GALVANOSCOPE  DESCRIBED          .         .         .  29  73 

Experiments  with  Galvanoscope      .         .         .  29  76 

Theory  of  the  Battery     .         .         .         .         .  30  77 

Electromotive  Force 31  81 

Ohm's  Law 32  81 

The  Units  of  Theory  and  Practice  .          .         .  33  86 

The  Mirror  Galvanometer  Introduced      .         .  34  88 

XVII.  CONSTRUCTION  OF  MIRROR  GALVANOMETER        .  35  89 

Box  of  Coils 36  94 

Precautions  in  using  it   .         .         .         .         .  37  97 

Figure  of  Merit  Introduced      ....  38  98 

XVIII.  FIGURE  OF  MERIT  OF  GALVANOMETER         .         .  39  98 

Determination  of  E.  M.  F.      ....  40  101 

XIX.  COMPARISON  OF  ELECTROMOTIVE  FORCES  BY  THE 

HIGH  RESISTANCE  METHOD         .         .  41  101 


CONTENTS.  xi 

Lesson  Article  Page 

XX.  PROOF  OF  OHM'S  LAW       ...  .         .         42    102 

Wheatstone's  Bridge  Introduced  „.         .         43     105 

XXI.  THE  WHEATSTONE'S  BRIDGE    .        .  44    107 

XXII.  MANUFACTURE  OF  A  ONE-OHM  COIL  .        .        45    110 

XX II A.  CALIBRATION  OF  GALVANOSCOPE  45a  112 


CHAPTER    IV. 

THE    MEASUREMENT    OP    RESISTANCE. 

Definitions.         .         ,         .         .         .         .  46  114 

Divisions  of  the  Chapter      ....  47  116 

Different  kinds  of  Galvanometers         .         .  48  116 

PART  I.— USE  OF  Box  OF  COILS  AS  A  WHEATSTONE'S  BRIDGE. 

XXIII.  THE  HIGH  RESISTANCE  DIFFERENTIAL  ASTA- 

TIC GALVANOMETER         .        *        .  -    „  .  49  117 

Testing  the  Instrument       .         .         .  49  128 

Theory  and  Use  of  Shunts  .         .         .         .  50  131 

XXIV.  THE  Box  OF  COILS  USED  AS  A  BRIDGE      .         .  51  133 

Correction  for  Temperature          .         .         .  52  139 

Resistance  of  the  working  Galvanometer      .  53  140 
XXV.  MEASUREMENT  OF  GALVANOMETER  RESISTANCE 

(THOMSON'S  METHOD)  54  140 

PART  II.— USE  OF  A  DIFFERENTIAL  GALVANOMETER  55  142 

XXVI.  THE  DIFFERENTIAL  METHOD  56  143 

Comparison  by  means  of  Shunts  .         .         .  56  145 

PART  III. — USE  OF  THE  SLIDE  BRIDGE    .  57  146 

Low  Resistance  Galvanometer      .         .         .  58  146 

XXVII.  USE  OF  THE  SLIDE  METRE  BRIDGE — METHOD  I.  59  148 
XXVIII.  USE  OF  THE  SLIDE  METRE  BRIDGE — METHOD 

II 60  153 

XXIX.  USE  OF  THE  SLIDE  BRIDGE — CAREY  FOSTER'S 

METHOD.        .        .        .        .        .        .  61  158 

Calibration  of  Bridge  Wire          .         .         .  61  166 

Additional  Exercises  .         .         .         .         %  62  169 

Modified  Forms  of  Slide  Bridge    .         .  63  171 

Rheostats   .  64  172 


xii  CONTENTS. 

Lesson  Article  Page 

The  Multiple  Arc  Box       .         .         .         .  65  174 

PART  IV. — MEASUREMENT  OF  VERY  Low  RESISTANCES  66  177 

XXX.  METHOD  OF  COMPARISON  OF  POTENTIALS      .  67  177 

XXXI.  THE  METHOD  OF  AUXILIARY  CONDUCTORS     .  68  182 

XXXII.  PROJECTION  OF  EQUI-POTENTIALS          .         .  69  187 

Comparison  of  the  Three  Methods     .         .  70  191 

PART  V. — MEASUREMENT  OF  HIGH  RESISTANCES      .  71  191 

XXXIII.  THE  DIRECT  DEFLECTION  METHOD        .        .  72  191 

Treatment  of  Insulators     .         .         .         .  72  194 

Additional  Exercises          .         .         .         .  73  197 

PART  VI.— RESISTANCE  OF  BATTERIES   AND    ELECTRO- 
LYTES      74  198 

XXXIV.  STUDY  OF  POLARISATION       ....  75  200 

Electrolyte  Resistance — List  of  Methods    .  76  203 

XXXV.  ELECTROLYTE  RESISTANCE — VARIOUS  METHODS     77  204 

Ohm's  Method           .        .         .         .         .  77  205 

Thomson's  Method 77  206 

Horsford's  Method 77  208 

XXXVI.  MANCE'S  METHOD 78  209 

Use  of  Alternate  Currents          .         .         .  79  214 

The  Electro-Dynamometer         .         .         .  80  214 

Use  of  the  Telephone  and  Induction  Coil  .  81  215 

XXXVII.  ELECTROLYTIC  RESISTANCE  BY  ALTERNATING 

CURRENTS  (KOHLRAUSCH'S  METHOD)         .  82  216 

Results  of  Kohlrausch's  Experiments          .  83  218 

Additional  Exercises          .         .         .         .  84  220 

Compensation  Methods      ....  85  220 

XXXVIII.  THE  METHOD  OF  BEETZ         .        .        .        .  86  221 

CHAPTER    V. 

THE    TANGENT    GALVANOMETER. 

General  Remarks 87  225 

XXXIX.  THE    TANGENT    GALVANOMETER— BATTERY 

•     RESISTANCE 88  226 

Use  of  Tangent  Galvanometer  for  deter- 
mining Wire  Resistance           .         .         .  89  235 


CONTENTS.  ziii 

Lesson  Article  Page 

XL.  WIRE    RESISTANCE    BY    TANOENT    GALVAN- 
OMETER      90  235 

Determinatiou  of  E.  M.  F.  by  the  Tangent 

Galvanometer 91  237 

XLI.  ELECTROMOTIVE  FORCE  BY  TANGENT  GALVAN- 
OMETER   .        .        .......  92  238 

Standard  Tangent  Galvanometer  .         .         .  93  241 

Methods  of  Ascertaining  K  .         .                 .  94  244 

Construction  of  Tangent  Galvanometer          .  95  244 

XLII.  USE  OF  STANDARD  GALVANOMETER — DETER-  ^ 

MINATION  OF  E.  M.  F.       .         .         .         .  96  247 

Electro-Chemical  Equivalents       ...  97  249 
XLII1.  GALVANOMETER  CONSTANT  BY  COPPER  DEPOSI- 
TION           98  251 

XLIV.  GALVANOMETER  CONSTANT  BY  SILVER  DEPOSI- 
TION                 .        .  99  253 

XLV.  GALVANOMETER  CONSTANT  BY  DECOMPOSITION 

OF  WATER  (WEIGHT  VOLTAMETER)   .        .  100  255 

XLVI.  USE  OF  THE  VOLUME  VOLTAMETER  .        .        .101  257 

Joule's  Law  .         .         .        .         .         .  102  263 

XLVII.  APPLICATION  OF  JOULE'S  LAW  ....  103  264 

Comparison  of  Constants  of  Coils  .         .         .  104  266 
XLVII  I.  GALVANOMETER  CONSTANT  FROM  KNOWN  CUR- 
RENT        .        .         ...        .        .  105  268 

Additional  Exercises 106  269 

Use  of  a   Tangent  Galvanometer  of   High 

Resistance         .         .....         .  107  271 

XLIX.   USE  OF  POTENTIAL  GALVANOMETER  108  273 


CHAPTER    VI. 

DETERMINATION    OP    THE    MAGNETIC    ELEMENTS. 

General  Remarks 109  275 

K  MAGNETIC  INCLINATION  BY  THE  DIP  CIRCLE    .  110  275 

Example       .         .         ...         .         .  110  284 

Horizontal  Magnetic  Intensity      .         .         .111  284 

LI.  DETERMINATION  OF  TIME  OF  VIBRATION  .         .  112  285 

Example       .         .         .         .         .         .         .  112  296 

LII.  OBSERVATION  OF  DEFLECTIONS  113  299 


xiv  CONTENTS. 

Lesson  Article  Page 

Example     •    .         .         ,         .         .         .         .  113     306 

LIII.  OBSERVATION  OF  DECLINATION  .         .         .         .  114     308 

LIV.  DETERMINATION  OF  GEOGRAPHICAL  MERIDIAN  .  115     310 


CHAPTER   VII. 

ELECTRO-MAGNETISM    AND    ELECTRO-MAGNETIC    INDUCTION. 

PART  I. — ELECTRO-MAGNETISM         .        .        .  116  314 

LV.  ACTION  OF  A  LINEAR  CURRENT  ON  A  MAGNET    .  117  314 

LVI.  ACTION  OF  A  CIRCULAR  CURRENT  ON  A  MAGNET  118  318 

LVII.  PROOF  OF  ELECTRO-MAGNETIC  LAWS  .         .         .  119  324 

Solenoid 120  327 

LVIII.  MAGNETIC  ACTION  OF  A  SOLENOID      .         .         .  121  327 

Electro-Magnet 122  331 

LIX.  LAWS  OF  THE  ELECTRO- MAGNET         .         .         .  123  335 
Study  of  the  Electro-Magnetic  behaviour  of 

Iron 124  338 

Intensity  of  Magnetisation      .         .         .          .  125  339 

Value  of  Magnetising  Force    .         .         .         .126  340 

Lifting  power  of  Electro-Magnets   .         .         .127  340 

PART  II. — ELECTRO-MAGNETIC  INDUCTION. 

Division  of  the  Section 128  343 

(A.)  Fundamental  Experiments. 

LX.  INDUCTION  EXPERIMENTS — SERIES  I.    .       .         .  129  343 

LXI.  INDUCTION  EXPERIMENTS — SERIES  II.         .         .  130  348 

LXII.  INDUCTION  EXPERIMENTS — SERIES  III.       .         .  131  349 

LXIII.  INDUCTION  EXPERIMENTS — SERIES  IV.        .         .  132  352 

Induction  Balance  Introduced         .         .          .  133  355 

LXIV.  THE  INDUCTION  BALANCE  OF  HUGHES        .         .  134  355 

References  to  Induction  Balance      .         .          .  135  357 

Self-induction  Introduced      ...  136  357 

LXV.  EXPERIMENTS  ON  SELF-INDUCTION      .         .         .  137  357 

(B.)  Application  of  Electro- Magnetic  Induction  to 
Measurements. 

Measurement  of  Transient  Currents         .         .  138  360 

The  Value  of  T 139  363 


CONTENTS. 


xv 


Lesson  Article  Page 

Corrected  Value  of  T 140  364 

Effect  of  Damping— The   Ballistic  Galvan- 
ometer      .         .         .'•»-...         .141  364 

Elementary  Theory  of  Damping    .       .^.         .  141a  365 

Logarithmic  Decrement         .  142  367 

The  Ballistic  Galvanometer  in  Practice        ^  143  369 

LXVI.  EXPERIMENTS  ON  DAMPING     .        .        .        .  144  370 

LXVII.  RESISTANCE  BY  THE  DAMPING  METHOD    .        .  145  372 

Magneto- Inductor  introduced        .         .         .146  372 

LXVIII.  RESISTANCE  BY  THE  MAGNETO-INDUCTOR         .  147  373 

LXIX.  INVESTIGATION  OF  A  UNIFORM  FIELD  OF  FORCE  *  148  374 

Application  to  Terrestrial  Magnetic  Field      .  149  378 

The  Earth  Inductor  Introduced    .         .         .  150  380 

LXX.  USE  OF  EARTH  INDUCTOR         .        .        .        .  151  381 

Rowland's  Application  of  Earth  Inductor      .  152  382 

Use  of  Long  Helix        .         .         .         .  153  383 

The  Trapeze  Earth  Inductor          .         .         .  154  384 

LXXI.  COMPARISON  OF  MAGNETIC  FIELDS  .        .        .  155  385 

Application  of  Induction  to  Study  of  Mag-  . 

netism       .         .         .                  .         .         .  156  387 

LXXII.  STUDY  OF  MAGNETIC  DISTRIBUTION         .         .  157  387 

(C.)  Measurements  of  Induction  Coefficients. 

Definition  of  Coefficient  of  Self-induction      .  158  390 
LXXIII.  DETERMINATION  OF  COEFFICIENT  OF  SELF-IN- 
DUCTION  .         .       ' .        .         .         .         .  159  392 

LXX IV.  COMPARISON  OF  TWO  COEFFICIENTS  OF  SELF- 
INDUCTION        .         .         .         .        .        .  160  394 

Definition  of  Coefficient  of  Mutual   Induc- 
tion    161  396 

LXXV.  COMPARISON    OF  SELF  AND   MUTUAL    INDUC- 
TION COEFFICIENTS 162  396 

Comparison  of  two  Mutual  Coefficients           .  1 63  397 


CHAPTER    VIII. 

THE    CONDENSER. 
The  Condenser  Introduced    . 


164     398 


xvi  CONTENTS. 

Lesson 
LXXVI.  WORK  WITH  THE  CONDENSER 

The  Shunt  Method 166 

Laws  for  Combination  of  Condensers  .       167 

Leakage  of  a  Condenser     .         .         .  .168 

Absorption  and  Residual  Charge    ."•'.-  .       1 69 
LXXVII.  DETERMINATION  OF  THE  ABSOLUTE  CAPACITY 

OF  A  CONDENSER   .        .        .        .  .170     407 

LXXVIII.  USE  OF  CONDENSER  FOR  DETERMINATION  OF 

E.  M.  F 171 

Battery  Resistance  by  the  Condenser  .       172 

*        Defects  of  the  Deflection  Methods      .  .173 

The  Zero  Methods     .         .         .         .  .       174 

LXXIX.  THE  BRIDGE  METHOD    .         .         .  175 

LXXX.  THE  METHOD  OF  MIXTURES  .         .         .  .176 

Instantaneous  Capacity      .         .         .  .177 

CHAPTER    IX. 

THE    ELECTROMETER. 

The  Electrometer  Introduced     .         .  .178 

Precautions  in  Using  Electrometers  .  .       179 

LXXXI.  THE  ELECTROMETER  OF  HANKEL  .         .  .180 

Attraction  between  two  Parallel  Plates  .       181 

The  Attracted  Disc  Electrometer        .  .       182 

LXXXII.  THE  PORTABLE  ELECTROMETER      .         .  .183 

Theory  of  a  Symmetrical  Electrometer  .       184 

The  Quadrant  Electrometer  Introduced  .        185 

LXXXIII.  THE  QUADRANT  ELECTROMETER    .         .  .186 

Other  Uses  of  the  Electrometer  .  187 


APPENDIX. 

Article 

A. — THE  WHEATSTONE  NET — 

1-2.   Kirchhoff's  Laws  and  their  Application    . 

3.  Maxwell's  Method 

4.  Resistance  of  Network    .         . 

5.  General  Case  of  Wheatstone's  Net   . 

6.  Best  Position  of  Battery  and  Galvanometer 


CONTENTS.  xvii 

Article  Page 

7.  Best  Value  of  Galvanometer  Resistance    ....  449 

8.  Best  Value  of  Battery  Resistance   -.         ;  '      .         .         .  450 

9.  Best  Arrangement  of  the  Arms        .         .         .        .         .  450 

10.  Thomson's  Galvanometer  Resistance  Method   .         .         C  450 

11.  Mance's  Battery  Resistance  Method         .         .         .         .451 

12.  Resistance  Containing  an  E.  M.  F.           .                           .  452 

13.  False  Zero  Method  .         .         .         .         .     "  ...  453 

14.  Application  of  Rules  K  and  L     " •-.         .         .         .         .  453 

15.  Experimental  Proof  of  Net  Laws 454 

B.— FORCE — POTENTIAL— LINES  OF  FORCE — ELECTRICAL  UNITS  « 

— INDUCTION — 

1-4.  Fundamental  Propositions       .         .         .         .         .         .  455 

5-9.  Potential         .         .        „.'       .         .         .         v.        .         .  457 

10.  Lines  of  Force 461 

11.  Application  of  Potential .         .         .         *        .        .         .463 

12.  Application  of  preceding  to  Magnetism    .         .                  .  464 

13.  Simple  Magnetic  Shell 465 

14-16.  Potential  of  Magnetic  Shell 466 

17-18.  Lines  of  Force  due  to  a  Current       .....  469 
19-22.  Induced  Currents    .         .         .                 .        .         .         .470 

23.  Electrical  Units       .         . 472 

24.  Mutual  Potential 473 

25.  Mutual  Induction 474 

C. — VARIOUS  SYSTEMS  OF  ELECTRICAL  UNITS — 

a.   Electrostatic  Units          .......  475 

£.  Electro-Magnetic  Units 476 

7.  Practical  System  of  Units 476 

D.— DETERMINATION  OF  E.  M.  F. — 

1.  Nature  of  the  Appendix 477 

2.  Standard  Cells 477 

3.  Standard  Forms  of  Daniell's  Cells 477 

4.  The  Normal  Element  of  Latimer  Clark  .  .         .         .         .  480 

5.  Comparison  of  Standard  Cells          .    ^  , .         .         .         .482 

6.  Bosscha's  Compensation  Method      .....  483 

7.  Poggendorff's  Compensation  Method        ....  484 

E. — TEMPERATURE  AND  INDUCTION  COEFFICIENTS  OF  A  MAG- 
NET 486 


xviii  CONTENTS. 

Article  Page 

F. — ADDITIONAL  PRACTICAL  DETAILS— 

1.  Manipulation  of  Gold  Leaf 488 

2.  Switch  for  Battery 489 

3.  Silk  for  Suspension  of  Galvanometer  Needles  .         .         .489 

4.  Clamp  and  Binding  Screws 490 

5.  Turned  Wood  Reels 491 

6.  Manufacture  of  a  Paraffin  Paper  Condenser      .         .         .491 

7.  Construction  of  Tangent  Galvanometer  ....     493 

8.  Soldering 494 

9.  Substitutes  for  Resistance  Coils       .         .         .         .         .     494 

G. — ADDITIONAL  TABLES — 

Table  P.  Resistance  of  Copper  Wires  .         .         .         .         .495 
Table  Q.  Vapour  Tension  of  Sulphuric  Acid  and  Water       .     497 


LIST  OF  TABLES. 

PAGE 

A.  ORDER  OF  CONDUCTORS 4 

B.  ORDER  OF  ELECTRIFICATION       ......  14 

C.  .NAMES  OF  POLES        ........  19 

D.  FORMULAS  FOR  TANGENT  POSITIONS  A  AND  B  OF  GAUSS   .  31 

E.  DIAMETER  OF  WIRES  FOR  RESISTANCE  COILS    ...  97 

F.  SPECIFIC  AND  RELATIVE   CONDUCTIVITY  OF  METALS  AND 

ALLOYS  AT  0°  C 116 

G.  TEMPERATURE  COEFFICIENTS  FOR  RESISTANCE  .        .        .139 
H.  SPECIFIC  CONDUCTIVITIES  OF  ELECTROLYTES      .        .        .219 

I.  ELECTRO-CHEMICAL  EQUIVALENTS       .....  250 

K.  WORKING  CONDITIONS  OF  SILVER  VOLTAMETER         .        .  254 

L.  RELATIVE  DENSITY  OF  DILUTE  SULPHURIC  ACID       .        .  260 

F 

M.  VALUE  OF  I  +  TT—  FOR  DIFFERENT  VALUES  OF  d              .  293 
Hra 

N.  CHRONOMETER  FACTORS 294 

0.  VALUE  OF  ^ 295 

ADDITIONAL  TABLES,  APPENDIX  G. 

P.  RESISTANCE  OF  COPPER  WIRES 495 

Q.  VAPOUR  TENSION  OF  SULPHURIC  ACID  AND  WATER  .        .  497 


PRACTICAL   PHYSICS. 


CHAPTER   L/J-        >     ...,,/  ..,  , 

ELECTROSTATICS— ELEMENTARY  PHENOMENA  AND 
LAWS. 

LESSON  I. — Electrification  by  Friction  and 
Conduction. 

1.  Apparatus. — (1.)  Two  pieces  of  glass  tubing  about  350 
mm.  long  by  1 5  mm.  in  diameter.  Each  must  be  closed  at 
one  end  by  the  blowpipe.  The  tubes  must  be  thoroughly 
clean  and  dry.  The  open  end  should  be  closed  by  a  cork  to 
keep  out  dust.  (2.)  Several  ebonite  penholders.  (3.)  A 
stirrup  of  copper  wire  covered  with  gutta-percha,  suspended 
by  two  narrow  silk  ribbons. 
Fig.  1  shows  the  method  of 
making  the  stirrup.  (4.)  A 
pad  of  good  silk  about  150 
mm.  square.  (5.)  Electrical 
amalgam  (see  Appendix)  mixed 
with  a  little  tallow.  (6.)  A 
piece  of  catskin  or  other  fur. 

(7.)  Two  small  gold-leaf  electroscopes.  Fig.  2  shows  a 
convenient  form  of  these.  Here  A  is  a  Florence  flask  of 
four-ounce  capacity,  provided  with  an  india-rubber  cork, 
through  which  passes  a  short  ebonite  rod,  e.  The  ebonite 
rod  is  perforated  so  as  to  admit  the  passage  through  it  of 
s.  &  G.  n,  <&  B 
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a  brass  rod  having  a  brass  disc  soldered  at  one  end,  while 
the  other  end  is  filed  so  as  to  make  a  knife-edge.  Two 
gold  leaves  are  attached  to  this  end  of  the  brass  rod. 
(The  method  of  manipulating  gold-leaf  is  described  in 
the  Appendix.)  A  hole  should  be  drilled  through  the 
brass  disc  at  &,  to  serve  for  the  attachment  of  wires.  The 
flask  must  be  thoroughly  clean  and  dry.  It  should  be 
well  washed,  the  4inal  washing  being  with  distilled  water, 
and  then  dried  before  the  fire. 
The  cork,  with  its  fittings,  should 
be  inserted  when  the  instrument  is 
still  warm.  (8.)  A  tin  can  about 
10  cm.  long  by  7  cm.  wide.  (9.) 
A  block  of  paraffin  wax.  (10.) 
Several  metres  of  No.  32  B.  W.  G. 
copper  wire.  (11.)  Several  metres 
of  silk  thread. 

Experiment  I. — Electrification  by 
Friction. — Warm  both  of  the  glass 
tubes,  and  rub  one  with  dry  warm 
silk  on  which  amalgam  has  been 
spread.  In  absence  of  amalgam 
dry  warm  silk  alone  will  answer. 
The  tube  so  rubbed  must  be  placed 
so  that  it  is  supported  at  the 
middle  by  the  stirrup.  Next,  take 
the  other  glass  tube  and  rub  it  in 
the  same  way.  On  approaching  the  rubbed  portion  of  the 
second  tube  to  the  rubbed  portion  of  the  first  the  latter 
will  be  repelled.  All  this  must  be  done  quickly,  otherwise 
the  charge  may  be  lost.  Next,  rub  or  excite  an  ebonite 
penholder  by  means  of  warm  dry  fur  or  warm  dry  flannel, 
and  replace  the  glass  tube  on  the  stirrup  by  this  penholder. 
Excite  another  penholder  in  the  same  way.  On  approach- 
ing the  excited  portion  of  the  second  penholder  to  the 
excited  portion  of  the  first  the  latter  will  be  repelled. 


ig.  2. 
THE  GOLD-LEAF  ELECTROSCOPE. 


i.]  ELECTROSTATICS.  3 

It  thus  appears  that  excited  glass  repels  excited  glass, 
while  excited  ebonite  repels  excited  ebonite.  In  a  pre- 
cisely similar  manner  it  may  be  shown  that  excited  glass 
attracts  excited  ebonite,  and  excited  ebonite  excited  glass. 
We  thus  see  that  the  state  produced  in  the  ebonite  by  ex- 
citation is  different  from  that  produced  in  the  glass.  Ex- 
cited glass  is  said  to  be  positively  and  excited  ebonite 
negatively  electrified.  Here  the  words  positive  and  negative 
are  merely  convenient  expressions,  and  do  not  imply  that 
there  is  anything  essentially  positive  in  the  physical  state 
of  excited  glass,  or  essentially  negative  in  that  of  excited 
ebonite. 


Fig.  3. — ELECTRIFICATION  BY  CONDUCTION. 

Experiment  II. — Electrification  by  Conduction. — Place  the 
tin  can  on  the  block  of  paraffin,  then  connect  the  tin  can 
with  the  plate  of  the  electroscope  by  means  of  a  copper 
wire  about  two  metres  in  length  (see  Fig.  3,  where  the 
electroscope  is  shown  supported  on  a  wooden  stand).  The 
wire  must  not  touch  anything  as  it  passes  from  the  one 
vessel  to  the  other.  Excite  an  ebonite  penholder  and  rub 
it  upon  the  tin  can.  The  two  gold  leaves  of  the  distant 
electroscope  will  immediately  repel  each  other  and  fly  apart. 
Here  the  electroscope  becomes  electrified  by  conduction,  the 
copper  wire  being  a  conductor  of  electricity.  Next,  sub- 
stitute a  silk  thread  for  the  copper  wire,  and  it  will  be 
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found  that  the  electroscope  will  now  remain  unaffected,  the 
silk  being  an  insulator  or  non-conductor.  Wet  the  silk  with 
water  and  repeat  the  experiment.  The  wetted  silk  will 
now  be  found  to  be  a  conductor.  In  using  the  electroscope 
care  must  be  taken  that  it  does  not  receive  too  great  a 
charge,  for  in  this  case  the  leaves  might  be  torn. 

If  we  examine  a  sufficiently  large  number  of  bodies  we 
shall  find  that  there  is  no  essential  difference  between  con- 
ductors and  insulators,  the  difference  being  rather  in  the  degree 
of  conducting  power  which  the  various  substances  possess. 

The  following  table  gives  a  list  of  substances  in  their 
approximate  order  of  conductivity  : — 

TABLE  A. 

ORDER  OF  CONDUCTORS. 

Good  Conductors  .  .  IVfetals,  carbon,  acids,  saline  solutions,  water. 
Semi-Conductors  .  .  The  body,  cotton,  dry  wood,  paper. 

Non-Conductors  (Oi\  Porce¥n'  ™L  silk    sealing-wax    sul- 

,      T       ' |  ,      x  phur,   resin,    gutta-percha,    india-rubber, 

'  (     shellac,  paraffin,  ebonite,  glass,  gases.1 

Experiment  III. — All  Substances  of  a  Different  Nature 
may  be  Electrified  by  being  rubbed  together. — In  order  to 
electrify  a  metallic  substance  or  other  conductor  it  must 
be  furnished  with  an  insulating  support.  Place,  for  in- 
stance, the  tin  can  on  the  block  of  paraffin,  and  connect 
the  former  with  the  electroscope  by  means  of  a  copper 
wire.  Beat  the  tin  can  with  warm  dry  fur.  The  leaves 
of  the  electroscope  will  diverge,  showing  that  the  tin  can 
has  been  excited. 

LESSON  II. — Electrification  by  Induction. 

2.  Apparatus. — That  of  the  previous  lesson  with  the 
addition  of  the  following: — Two  brass  knobs  (ordinary 

1  Air  charged  with  aqueous  vapour  is  also  a  non-conductor,  but  of 
course,  when  the  vapour  is  permitted  to  deposit  itself  as  moisture  upon 
the  supports,  it  destroys  their  insulation. 
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door  handles  will  do  very  well)  mounted  on  ebonite  pen- 
holders, supported  by  wooden  stands  (see  Fig.  4). 

Experiment  I. —  Use  of  Electroscope. — When  an  electrified 
body  is  brought  near  the  gold-leaf  electroscope  the  leaves 
separate.  This  shows  that  electrification  may  be  produced 
by  the  influence  of  an  electrified  body  acting  through  the 
air.  This  is  called  electrification  by  induction.  Let  us  pro- 
ceed to  study  this  phenomenon  as  it  appears  in  the  electro- 
scope, learning  at  the  same  time  the  correct  mode  of  using 
that  instrument  for  testing  the  nature  of  an  electric  charge. 


Fig.  4. — INDUCTION  APPARATUS. 

(1.)  Let  us  first  of  all  give  the  electroscope  a  positive 
charge  by  touching  the  brass  plate  with  a  stick 
of  excited  glass,  which  we  then  withdraw.  A  cer- 
tain divergence  of  the  gold  leaves  will  be  caused 
by  this  charge.  Now,  if  we  bring  from  above 
towards  the  plate  of  the  electroscope  either  this 
charged  stick  of  glass  or  another  similarly  excited, 
it  will  be  noticed  that  the  leaves  diverge  more 
and  more  widely  as  the  positively  charged  glass 
continues  to  approach  the  plate. 

(2.)  If  we  next  cause  a  stick  of  excited  ebonite  to 
approach  the  plate  of  the  positively  charged 
electroscope,  we  shall  find  that  the  negative 
charge  which  the  former  has  will  cause  the  leaves 
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to  collapse.  If,  however,  this  negative  charge  be 
very  strong,  on  bringing  it  still  nearer,  the  leaves 
will  again  open  out.  When  such  a  charge  is 
quickly  brought  near  the  electroscope  it  is  pos- 
sible that  the  first  collapse  of  the  leaves  may 
escape  the  notice  of  the  observer. 

(3.)  If  a  conducting  body,  such  as  the   hand,  be  ap- 
proached towards  the  plate  of  the  charged  electro- 
scope, the  gold  leaves  will  tend  to  collapse. 
We  see  from  this  experiment  that  the  slow  approach 
to   the  plate  of  the  charged  electroscope  of   a   similarly 
charged  body  will  cause  the  leaves  to  open  out,  while  the 
slow    approach    of    a    body    charged  with    the    opposite 
electricity  will   cause   the   leaves   to   fall    together,    and, 
if  it  be  strong    enough,   as  the  approach    is   continued, 
afterwards  to  open  out. 

We  see  also  that  the  approach  of  a  neutral  conductor 
whose  parts  are  at  varying  distances  from  the  plate  will 
tend  to  make  the  gold  leaves  collapse. 
Experiment  II. — Charging  by  Induction. 
(1.)  Having  discharged  the  electroscope,  excite  a  stick 
of  ebonite  and  bring  it  near  to  the  plate;    the 
leaves  will  separate.     Whilst  the  ebonite  is  kept 
in  this  position  (near  the  plate)  touch  the  plate 
for    a    moment,  and   then    withdraw  the   finger; 
the  leaves  will  now  fall  together.     Remove  the 
ebonite,  and  the  leaves  will  again  open.     If  we 
test  the  character  of  the  charge  it  will  be  found 
to  be  positive,  or  opposite  to  that  of  the  ebonite. 
(2.)  Had  we  employed  a  stick  of  glass  instead  of  one  of 
ebonite,   the  charge   would    have   been   negative. 
This  method  of  charging  an  electroscope  is  called 
charging  by  induction,  and  is  usually  better  than 
the  other  method,  or  that  by  conduction. 
Experiment  III. — Study  of  Induction. — Let  us  now  pro- 
ceed to  inquire  further  into  the  nature  of  induction. 
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U.)  Let  us  take  the  two  brass  knobs  mounted  on 
ebonite  penholders,  and  place  the  edges  of  the 
knobs  in  contact  with  each  other.  Then  let  us 
bring  an  electrified  rod,  for  instance,  an  ebonite 
rod  charged  with  negative  electricity,  near  one  of 
the  knobs,  but  not  touching  it.  Whilst  the 
ebonite  rod  is  in  this  position,  separate  the  knobs 
from  one  another  and  test  their  charges.  They 
will  be  found  to  be  charged  with  opposite  kinds  of 
electricity,  the  one  nearest  the  electrified  ebonite 
rod  being  positively  charged. 

(2.)  Repeat  the  experiment,  but,  when  the  electrified 
ebonite  rod  is  near,  instead  of  separating  the  knobs, 
touch  either  of  them  momentarily  with  the  finger ; 
both  knobs  will  now  be  found  to  have  a  positive 
charge. 

(3.)  Make  the  experiment  as  in  (2),  but  instead  of 
touching  the  knobs  with  the  finger  touch  them 
with  the  plate  of  the  electroscope ;  the  electro- 
scope will  be  found  to  have  received  a  negative 
charge. 

We  learn  from  these  various  experiments  that  when 
electrification  by  induction  takes  place,  both  kinds  of 
electricity  are  produced,  or  rather  separated  from  each 
other,  in  the  neutral  conductor,  that  of  the  same  name 
as  the  charge  of  the  inducing  body  having  a  tendency 
to  escape.  It  is  therefore  said  to  be  unbound  or  free,  whilst 
that  of  the  opposite  name  is  said  to  be  bound  as  long  as  the 
inducing  charge  is  present. 

The  student  should  now  be  able  to  understand  the 
preceding  experiments.  For  instance,  in  Experiment  I., 
we  see  why  the  slow  approach  to  the  plate  of  a  charged 
electroscope  of  a  similarly  charged  body  should  cause  the 
leaves  to  open  out,  inasmuch  as  the  approaching  body  may 
be  imagined  to  decompose  the  neutral  electricity  of  the 
electroscope,  attracting  or  binding  that  of  an  opposite  name 
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to  itself,  and  thrusting  that  of  the  same  name  as  far  away 
as  possible — that  is  to  say,  to  the  leaves  which  consequently 
diverge. 

In  like  manner  it  might  be  shown  that  the  slow 
approach  of  a  body  charged  with  the  opposite  electricity 
will  cause  the  leaves  to  fall  together,  and  to  open  out  after- 
wards with  an  opposite  charge  as  the  approach  is  continued. 

When  a  neutral  body,  such  as  the  hand,  is  placed  near 
the  plate  of  a  charged  electroscope,  the  leaves  will  tend  to 
collapse,  because  the  electricity  of  the  instrument  will  act 
upon  the  hand,  decomposing  (as  it  were)  its  neutral 
electricity,  pulling  that  of  the  opposite  name  as  near  to  it 
as  possible,  and  thrusting  that  of  the  same  name  through 
the  body  to  the  earth.  In  this  manner  part  of  the  charge 
will  become  bound,  and,  being  withdrawn  from  the  gold 
leaves,  these  will  tend  to  collapse. 

Again,  it  is  manifest  that  when  the  electroscope  is 
charged  by  induction,  the  office  of  the  finger  when  it 
touches  the  plate  is  to  take  away  the  free  electricity,  or 
that  of  the  same  name  as  the  charge  of  the  inducing  body. 
What  is  then  left  is  the  charge  of  this  body,  and  a  nearly 
equal  amount  of  electricity  of  the  opposite  name  in  the  plate 
of  the  electroscope.  Both  these  are  practically  bound,  and 
therefore  do  not  influence  the  gold  leaves ;  withdraw,  how- 
ever, the  inducing  body,  and  the  electricity  of  the  electro- 
scope is  now  free,  and  acts  therefore  upon  the  leaves. 

It  is  unnecessary  to  discuss  the  other  experiments. 

LESSON  III. — The  Electrophorus  of  Volta. 

3.  Apparatus. — (1.)  A  simple  electrophorus  (Fig.  5).  A 
convenient  form  consists  of  an  ebonite  disc — the  plate. — 
about  60  mm.  in  diameter,  having  a  metal  disc,  termed  the 
sole,  of  the  same  size  screwed  to  its  under  surface.  The 
upper  surface  of  the  ebonite  is  well  polished.  A  separate 
brass  disc  with  smooth  edges,  somewhat  smaller  than  the 
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plate,  is  provided  with  a  rod  of  ebonite  as  a  handle,  and 
forms  the  lid  of  the  instrument.  An  electrophorus  con- 
structed in  this  manner  is  a  very  satisfactory  instrument 
A  simpler  variety  may  be  made 
by  melting  ordinary  sealing-wax 
in  the  lid  of  a  round  tin  canister, 
so  as  to  form  a  smooth  plate.  A 
disc  of  tin,  with  a  handle  of  seal- 
ing-wax, will  serve  as  a  lid.  (2.) 
An  electroscope.  (3.)  Fur  or 
flannel 

Use  of  the  Instrument. — The 
plate  must  first  be  excited.  A 
few  whisks  with  the  fur  of  a  cat 
will  serve  to  electrify  the  polished 
ebonite  or  sealing-wax  strongly. 

-r,.   ,  .  r  J  Fig.  a.  — ELECTRO PHORCS. 

It  this  cannot  be  procured,  a  piece 

of  hot  flannel  will  do  instead.  Next  place  the  lid  upon 
the  plate,  and  touch  the  metal  of  the  lid  momentarily  with 
the  finger.  On  raising  the  lid  it  will  be  found  to  be 
charged  and  capable  of  giving  a  spark  As  often  as  this 
process  is  repeated  the  lid  becomes  charged,  provided  that 
the  plate  is  freshly  excited  occasionally.  The  electrophorus 
thus  forms  a  simple  electrical  machine.  The  labour  of 
touching  the  disc  may  be  avoided  if  a  metal  pin  be  passed 
through  a  hole  in  the  plate,  so  that  when  the  lid  is  in 
position  the  sole  may  be  in  connection  with  the  lid. 

Theory  of  the  Instrument. — This  may  be  studied  by  per- 
forming the  following  experiments  : — (1.)  Find  the  nature 
of  the  charge  of  the  ebonite ;  this  will  be  found  to  consist 
of  negative  electricity.  (2.)  Find  the  nature  of  the  charge 
of  the  lid  after  it  has  first  been  touched  and  then  removed 
from  the  electrophorus;  this  will  be  found  to  consist  of 
positive  electricity.  (3.)  Place  a  charged  electrophorus, 
with  its  lid  (untouched),  upon  the  plate  of  the  electroscope  ; 
on  touching  the  lid  the  gold  leaves  will  fly  apart,  and  will 
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be  found  to  be  charged  with  positive  electricity.  (4.)  Now, 
retaining  the  arrangement  of  (3),  withdraw  the  lid  from 
the  electrophorus,  when  the  gold  leaves  of  the  electro- 
scope will  immediately  collapse. 

The  electrophorus  thus  acts  by  means  of  induction.  The 
ebonite,  when  struck  with  the  fur  or  flannel,  is  negatively 
electrified,  and  this  negative  electricity  decomposes  the 
neutral  electricity  of  the  sole,  pulling  the  positive  to  itself 
and  thrusting  the  negative  into  the  earth.  The  action  of 
the  positive  of  the  sole  upon  the  negative  of  the  ebonite 
serves  to  bind  the  latter  into  the  substance  of  the  ebonite. 
When  the  lid  is  put  on,  the  electricity  of  the  ebonite  is  not 
communicated  by  contact  to  the  lid,  the  ebonite  being  a 
non-conductor,  and  only  touching  the  lid  in  a  few  points. 
But,  the  lid  being  acted  on  inductively,  when  it  is  touched 
with  the  finger  the  free  negative  of  the  lid  is  thrust 
through  the  body  of  the  operator  into  the  earth,  at  the 
same  time  releasing  the  bound  positive  electricity  of  the 
sole.  The  lid,  if  carried  away,  will  thus  be  found  to  be 
positively  electrified. 

When  the  electrophorus  is  placed  upon  an  electroscope, 
and  in  that  position  the  lid  is  touched,  the  positive  electri- 
city of  the  sole,  being  released,  is  permitted  to  go  to  the 
gold  leaves,  which,  in  consequence,  diverge.  When,  how- 
ever, the  lid  is  carried  away,  this  positive  is  recalled  into 
the  sole,  and  the  gold  leaves  collapse. 

LESSON  IV. — Faraday's  Ice  Pail  Experiments. 

4.  Apparatus. — (1.)  Two  tin  cans,  one  10  cm.  deep  by  7 
cm.  wide,  the  other  7  cm.  deep  by  5  cm.  wide.  The  larger 
can  has  a  layer  of  paraffin  wax  covering  the  bottom  j  the 
smaller  is  furnished  with  an  ebonite  penholder  as  a  handle 
(Fig.  6).  (2.)  A  block  of  paraffin  to  serve  as  an  insulating 
support.  (3.)  A  small  electrophorus.  (4.)  Two  electro- 
scopes. (5.)  Connecting  wires.  (6.)  It  may  be  convenient 
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to  use  an  electrophorus  lid  smaller  than  that  mentioned 
in  the  previous  lesson,  such,  for  instance,  as  a  halfpenny 
attached  to  an  ebonite  penholder  (Fig.  7). 

Experiment  I. — Place  the  larger 
tin  can  on  the  block  of  paraffin, 
and  connect  the  tin  with  an 
electroscope.  Charge  the  lid  of 
the  electrophorus,  and  lower  it 
into  the  tin  can,  without  allow- 
ing it  to  touch  the  latter.  The 
electroscope  leaves  will  diverge 
as  the  lid  is  lowered,  but  when 
it  is  a  little  way  inside  the  can 
this  divergence  will  reach  a 
maximum,  and  then  remain  un- 
altered. Now  make  the  lid  to 
touch  the  metal  near  the  bottom 
of  the  can  ;  no  alteration  will  be 

produced  by  this  in  the  amount  of  divergence  of  the 
electroscope  leaves.  The  charge  of  the  electroscope  will 
be  found  to  be  of  the  same  kind  as  was  that  of  the 
electrophorus  lid.  Eemove  the  lid,  and  test  it  by  a  second 
electroscope ;  it  will  be  found  to  be  perfectly  discharged. 

Experiment  II. — Repeat  the  previous  experiment,  but 
when  the  lid  is  near  the  bottom  of  the  can  (not  having 
been  in  contact  with  the  metal),  touch  the  outside  of  the 
can  with  the  finger,  so  as  to  withdraw  the  external  charge. 
The  leaves  of  the  electroscope  will  now  collapse,  but  if  the 
electrophorus  lid  be  removed  without  allowing  it  to  touch 
the  can,  the  leaves  will  again  separate  to  as  great  an  extent 
as  before.  Test  the  charge  of  the  electroscope,  and  it  will 
be  found  to  be  of  the  kind  opposite  to  that  of  the  electro- 
phorus lid. 

Experiment  III. — Place  the  smaller  tin  within  the  larger, 
so  as  to  make  it  rest  upon  the  layer  of  paraffin  at  the 
bottom  of  the  latter.  Introduce  within  the  smaller  tin 


12  PRACTICAL  PHYSICS.  [CH. 

the  electrified  electrophorus  lid.  This  will  give  rise  to  a 
condition  of  electrification  in  which  the  inner  sides  of  the 
two  tins  will  be  negatively  and  the  outer  sides  positively 
charged. 

Now  make  contact  between  the  two  cans.  The  inner 
surface  of  the  inner  can  will  now  be  negatively  and  the 
outer  surface  of  the  outer  can  positively  electrified.  Next 
let  the  lid  be  removed,  but  not  discharged,  the  inner  vessel 
removed  and  discharged,  and  then  both  replaced.  The 
outer  vessel  may  now  be  made  to  have  a  double  charge 
by  repeating  the  above  process,  and  a  small  initial  electrifi- 
cation may  thus  be  multiplied  as  many  times  as  we  please. 

Explanation  of  these  Experiments. — When  the  -  charged 
electrophorus  lid  has  been  lowered  sufficiently  far  into  the 
can  (as  in  Experiment  I.),  it  acts  inductively  upon  the  can, 
attracting  to  the  inside  a  quantity  of  electricity  equal  in 
amount  but  opposite  in  character  to  that  of  the  lid,  and 
repelling  to  the  outside  a  quantity  equal  in  amount  but 
similar  in  character  to  that  of  the  lid.  When  the  lid 
touches  the  inside  of  the  can  its  electricity  combines  with 
that  equal  and  opposite  charge  which  has  been  induced  on 
the  inside,  leaving  the  outside  electrification  altogether 
unaffected.  The  lid  will  now  be  found  to  have  no  charge, 
because  (see  Lesson  VI.)  it  has  come  from  being  in  contact 
with  the  interior  of  a  conductor,  the  charge  of  which  clings 
to  the  outside. 

In  Experiment  II.  the  touching  of  the  outside  of  the  can 
carries  off  to  the  earth  electricity  equal  in  amount  and 
similar  in  character  to  that  of  the  lid,  thus  causing  the 
leaves  of  the  electroscope  to  collapse.  When,  however, 
the  charged  lid  is  removed  from  the  inside,  the  electricity 
of  the  inside  of  an  opposite  character  to  that  of  the  lid 
which  was  formerly  bound  by  the  lid,  is  now  free  to  influ- 
ence the  gold  leaves. 

In  Experiment  III.,  after  contact  has  been  made  be- 
tween the  two  cans,  the  outer  one  is  positively  and  the 
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inner  one  negatively  charged.  •  If  the  inner  one  be  now 
removed,  discharged,  and  then  replaced,  we  shall  of  course 
have  positive  in  the  outer  and  nothing  in  the  inner.  But 
if  now  the  charged  lid  be  reintroduced  into  the  inner 
can,  and  contact  made  as  before  between  the  two  cans, 
there  is  no  reason  why  a  second  positive  charge  should 
not  be  given  to  the  outer  can. 

Indeed  for  this  purpose  there  is  no  necessity  for  the 
two  cans,  for  if  the  lid,  after  being  discharged,  as  in  Experi- 
ment I.,  be  recharged  and  introduced  into  the  can  after 
contact  with  the  inside,  a  double  charge  will  be  given  to 
the  outside. 

LESSON  V. — Electrification  by  Friction — 
(Continued  from  Lesson  I.) 

5.  A-pparatus. — (1.)  Glass  rod,  ebonite,  electroscope,  etc. 
(2.)  A  number  of  different  insulators,  such  as  flannel,  seal- 
ing-wax, paraffin,  gutta-percha,  etc.  (3.)  The  small  electri- 
cal machine  described  below. 

Experiment  I. — Both  lands  of  Electricity  are  produced  by 
Friction. — The  rubber  of  amalgamed  silk  or  fur  is  usu- 
ally not  a  good  insulator,  so  that  its  charge  is  generally 
lost  when  held  in  the  hand  before  its  electrification  can 
be  tested.  To  exhibit  the  electrification  of  the  rubber, 
place  the  pad  of  silk  or  fur  on  the  cap  of  the  electro- 
scope, and  rub  the  silk  or  fur  by  means  of  the  glass  rod 
or  rod  of  ebonite.  Examine  the  nature  of  the  electricity 
with  which  the  electroscope  becomes  charged.  It  will  be 
found  to  be  of  the  opposite  kind  to  that  of  the  glass  or 
ebonite.  Test  in  this  manner  the  quality  of  the  electrifi- 
cation produced  with  different  materials,  and  verify  the 
following  table,  in  which  the  substances  are  arranged  in 
such  an  order  that  any  substance  in  the  list  becomes 
negative  if  rubbed  with  a  body  that  precedes  it,  but 
positive  if  rubbed  with  a  body  that  follows  it  in  the  list 
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TABLE  B.1 

SHOWING  ORDER  OF  ELECTRIFICATION. 

Catskin.  Sulphur.  Resin. 

Glass.  Flannel.  Gutta-percha. 

Silk.  Cotton.  Metals. 

The  hand.  Shellac.  Gun-cotton. 

Wood.  India-rubber. 

Experiment  II. — Both  kinds  of  Electricity  are  produced  by 
Friction  in  Equal  Amounts. — This  may  be  shown  by  rubbing 
two  bodies  together  within  an  insulated  chamber  connected 
with  an  electroscope.  There  should  then  be  no  external 
sign  of  electrification.  A  simple  apparatus,  such  as  is 
shown  in  Fig.  8,  may  be  used  for  this  purpose.  A  is  a  tin 


A- 


Fig.  8. 

can  embedded  in  a  block  of  paraffin  (B)  that  is  protected 
by  the  wooden  base.  Within  A  is  a  smaller  can  (C),  not 
necessarily  metallic,  but  for  purposes  of  convenience  made 
of  tin,  cemented  to  the  bottom  of  A  by  means  of  paraffin. 

1  The  order  in  the  above  table  is  liable  to  change,  depending  upon 
the  exact  composition  and  the  nature  of  the  surface  of  the  substance. 
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The  inside  of  C  is  lined  with  fur.  A  metal  rod  is  soldered 
to  the  bottom  of  C.  An  ebonite  cylinder  (E)  is  sup- 
ported by  the  metal  rod  so  that  the  ebonite  may  easily 
be  rotated,  rubbing  against  the  fur  as  it  does  so.  The 
outer  tin  can  is  connected  with  an  electroscope  by  means 
of  the  hook  S.  On  rotating  E  no  effect  is  observed  until  it 
is  withdrawn  to  the  outside  of  the  outer  vessel,  when  the 
electroscope  will  indicate  positive  electricity. 

Here  the  positive  electricity  developed  on  the  fur  de- 
composes the  neutral  electricity  of  the  outer  can,  pulling 
the  negative  to  itself  and  sending  the  positive  away  to  the 
electroscope. 

LESSON  VI. — Effect  of  a  Conducting  Enclosure. 

6.  Apparatus. — (1.)  A  tin  can  sufficiently  large  to  con- 
tain an  electroscope.  It  should  be  provided  with  slits, 
opposite  to  each  other,  to  enable  an  electroscope  to  be 
observed  when  placed  within.  (2.)  Two  electroscopes. 
(3.)  Block  of  paraffin,  conducting  wire,  etc. 


Experiment  I. — There  is  no  Electrification  within  a  Con- 
. — Place  the  small  gold-leaf  electroscope  within  the 
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tin  can.  Carry  a  wire  from  the  electroscope  to  the  inner  sur- 
face of  the  can.  The  tin  must  be  placed  on  a  block  of  paraffin 
and  have  its  outer  surface  connected  with  a  second  electro- 
scope (Fig..  9).  Now  electrify  the  tin  can,  when  the  electro- 
scope A  will  immediately  show  the  presence  of  electricity, 
while  the  electroscope  B  will  not  be  affected.  It  will  be 
found  that  however  intense  the  electrification  of  the  outer 
vessel  may  be,  the  electroscope  B  will  show  no  signs  of 
electrification. 

Experiment  II. — Protection  from  External  Influence. — Dis- 
connect the  wire  from  the  inner  surface  of  the  tin  can. 
Give  the  electroscope  B  a  charge  by  means  of  an  electro- 
phorus.  Now  electrify  the  tin.  No  further  effect  will 
be  perceived  on  the  electroscope  within  the  can.  In  this 
way  it  is  shown  that  a  body  within  a  metallic  enclosure 
has  its  electric  state  uninfluenced  by  electrifying  the  en- 
closure from  without.  And  further,  if  you  bring  an 
electrified  body  near  the  outside  of  the  can  it  can  likewise 
be  shown  that  the  electroscope  in  the  interior  will  be  quite 
uninfluenced  by  its  inductive  action.  This  has  important 
practical  applications,  as  we  shall  afterwards  see. 

7.  Summary  of  Laws. — By  aid  of  the  preceding  experi- 
ments the  student  will  be  enabled  to  illustrate  the  following 
laws.1 

I.  "  The  total  electrification  of  a  body  or  system  of  bodies 
remains   always   the   same,    except   in   so  far   as  it   receives 
electrification  from  or  gives  electrification  to  other  bodies.'1 

The  more  we  improve  the  insulation  of  a  charged  body 
the  longer  does  the  charge  remain,  and  it  is  therefore 
assumed  that  an  absolutely  isolated  charge  remains  con- 
stant. A  charge  may  be  retained  for  years  in  a  chemically 
dried,  hermetically  sealed  glass  vessel. 

II.  "When  one  body  electrifies  another  by  conduction  the 

1  Elementary  Treatise  on  Electricity,  by  J.  Clerk  Maxwell. — 
Clarendon  Press. 
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total  eli'drifr'ation  of  the  two  bodies  remains  the  same,  that  is, 
the  on?  loses  as  much  positive  or  gains  as  much  negative  electri- 
fication as  the  other  gains  positive  or  loses  negative  electrification" 
This  may  be  proved  by  bringing  two  unequally  and 
differently  charged  bodies  into  contact  within  an  insulated 
enclosure  connected  with  an  electroscope,  when  it  will  be 
found  that  the  divergence  of  the  leaves  of  the  electroscope 
will  be  the  same  after  contact  as  before  it. 

III.  "  When  electrification  is  produced  by  friction  or  by  any 
other  known  method,  equal  quantities  of  positive  and  negative 
electricity  are  produced" 

This  is  illustrated  by  Experiment  II.,  Lesson  V. 

IV.  "  If  an  electrified  body  or  system  of  bodies  be  placed 
within  a  closed  conducting  surface,  the  interior  electrification  of 
this  surface  is  equal  and  opposite  to  the  electrification  of  the 
body  or  system  of  bodies." 

In  the  case  of  an  electrified  body  placed  in  the 
laboratory  or  other  room  where  the  experiment  is  per- 
formed, the  floor,  walls,  ceiling,  etc.,  take  a  charge  equal 
and  opposite  to  that  of  the  body. 

We  see  this  from  the  analogy  of  Experiments  L  and  II. , 
Lesson  IV.,  in  which  the  inside  of  the  tin  can  was  found 
to  contain  electricity  opposite  in  character  but  equal  in 
amount  to  that  of  the  electrophorus  lid. 

V.  "  If  no  electrified  body  is  placed  within  tlw  hollow  con- 
surface,  the  electrification  of  this  surface  is  zero.     This 

to  true  not  only  of  tJie  electrification  of  the  surface  as  a  wlwle, 
but  of  every  part  of  the  surface" 

This  is  seen  from  Experiment  I.,  Lesson  VI.,  in  which  no 
effect  is  produced  upon  the  electroscope  within  a  tin  can 
by  electrifying  the  outside  of  the  can. 

8.  Fundamental  Quantitative  Law. — If  we  add  to  the 
above  five  fundamental  laws  of  electric  phenomena  a  sixth 
quantitative  law,  the  student  will  be  placed  in  possession 
of  all  that  is  necessary  to  explain  elementary  electro- 

voi*  II,  C 
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statics.  Suppose  that  at  a  point  A  there  are  m  units  of 
positive  electricity,  and  at  B  m'  units  of  the  same  kind  of 
electricity,  and  let  the  distance  between  A  and  B  be  d 
centimetres,  then  it  is  found  that  the  force  /  of  repulsion 
may  be  represented  thus, 


If  the  electrification  at  A  or  B  be  negative,  this  is  in- 
dicated by  putting  a  minus  sign  before  the  symbol  of 
quantity.  Thus  if  A  be  charged  with  +  3  units  and  B 
with  -  6  units  at  a  distance  apart  of  2  cm.,  then 


A  negative  sign,  therefore,  denotes  attraction.  The  proof 
of  the  very  important  law  in  formula  (1)  is  experimentally 
difficult.  It  was  first  attempted  by  Coulomb  by  using  a 
torsion  balance. 

9.  Definition  of  the  electrostatic  unit  of  quantity  of  electricity. 
—The  above  expression  (1)  will  enable  us  to  define  the 
electrostatic  unit  of  quantity.  Let  /  =  1,  d  =  1,  and 
m  =  m',  then  must  m=l;  in  other  words,  when  A  and  B 
are  each  charged  with  an  electrostatic  unit  of  electricity, 
and  are  placed  one  centimetre  apart,  then  will  these  points 
tend  to  separate  with  the  force  of  one  dyne. 

Further  consideration  of  electrostatics  will  now  be 
postponed  until  electrometers  are  discussed. 


CHAPTER   IT. 
MAGNETISM— FUNDAMENTAL  LAWS  AND  EXPERIMENTS. 

10.  A  MAGNET,  for  the  purpose  of  this  work,  may  be  con- 
sidered to  be  a  piece  of  steel  or  iron  that  is  capable  of 
attracting  steel  or  iron.  Every  magnet  has  two  poles  or 
points  of  apparent  maximum  magnetisation.  The  line 
joining  these  is  called  the  magnetic  axis.  A  freely-sus- 
pended magnet  balanced  so  as  to  swing  horizontally  sets 
itself  in  such  a  manner  that  its  axis  will  lie  in  a  direction 
known  as  the  magnetic  meridian.  This  direction  makes, 
at  a  given  place  and  time,  a  definite  and  generally  small 
angle  with  the  geographical  meridian.  With  refer- 
ence to  this  position  assumed  by  the  magnet,  that  pole 
which  points  nearly  north  is  generally  called  the  north 
pole,  and  that  which  points  nearly  south  the  south  pole  ; 
but  other  names  have  been  given  to  these  poles,  as  will  be 
seen  from  the  following  table  : — 

TABLE  CX 

NAMES  OF  POLES. 

Pole  that  points  Pole  that  points 

to  the  North,  or  to  the  South,  or 

North-seeking.  South-seeking. 

North  South         .  Ordinary  usage. 

Austral  Boreal        .  .         French  usage. 

Marked  Unmarked .  Faraday. 

Red  Blue.        .  Sir  G.  Airy. 


True  South  True  North 

Positive  (+)  Negative  (- 


Sir  Wm.  Thomson. 
Mathematical  usage. 
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It  thus  appears  that  there  is  great  confusion  in  the  ordinary 
terminology.  We  shall  in  this  volume  use  the  letter  1ST. 
or  the  sign  +  to  denote  the  north-seeking,  and  the  letter 
S.  or  the  sign  -  to  denote  the  south-seeking  pole  of  the 
magnet. 


LESSON  VII. — Fundamental  Experiments. 

11.  Apparatus. — Bar  and  horse-shoe  magnets  with  their 
poles  marked,  some  thin  knitting  needles,  pieces  of  watch- 
spring,  soft  iron  nails,  silk  fibre,  test  tubes  with  corks, 
blowpipe,  sealing-wax  varnish,  steel  filings,  two  bars  of 
very  soft  iron,  No.  20  iron  wire,  a  strip  of  tinned  iron, 
various  specimens  of  steel  and  iron,  and  two  brass  clamps. 
First  fit  up  a  delicate  instrument  for  indicating  the 
presence  of  magnets  and  magnetic  bodies.  We  shall  call 
this  instrument  the  magnetoscope.  Let 
us  first  heat  a  piece  of  watch-spring  in 
the  blowpipe  flame  to  bright  redness, 
and  then  plunge  it  quickly  into  a 
beaker  of  cold  water.  The  watch- 
spring  will  now  be  found  to  be  hard 
and  brittle.  Next  break  off  a  piece 
a  little  shorter  than  the  breadth  of  the 
test  tube,  and  then  proceed  to  mag- 
netise it  by  rubbing  it  always  in  the 
same  direction  on  one  of  the  poles  of 
the  bar  magnet.  Fit  into  the  open 
end  of  the  test  tube  a  cork  provided 
with  a  glass  tube  terminating  in  a 
crook,  as  shown  in  Fig.  1 0.  Now 
proceed  to  attach  a  fine  silk  fibre  to 
the  small  piece  of  magnetised  watch- 
spring,  which  may  be  done  with  the 
help  of  a  little  beeswax.  The  magnet  should  hang  horizon- 
tally when  suspended  by  the  silk  fibre.  In  order  to  secure 


Fig.  10. 
THE  MAONETOSCOPE. 
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this  position  a  little  sealing-wax  varnish  may  be  put  on  one 
end — the  varnish  serving  the  double  purpose  of  perfecting 
the  horizontality  of  the  magnet  and  of  distinguishing  the 
one  end  from  the  other.  Attach  the  other  end  of  the  fibre 
to  the  glass  hook,  and  place  the  suspended  system  in  the 
test  tube.  The  test  tube  may  be  supported  by  a  large  cork, 
through  which  a  hole  has  been  bored  to  admit  the  end  of 
the  tube. 

With  the  aid  of  this  instrument  and  the  above  materials 
let  the  student  perform  the  following  experiments : — 

Experiment  I. — Show  that  like  poles  repel  and  unlike 
poles  attract  each  other — the  north  pole  of  the  experi- 
mental magnet  being  that  end  which  points  to  the  north. 

Experiment  II. — Magnetise  a  piece  of  the  brittle  watch- 
spring  by  drawing  it  across  the  N.  pole  of  a  magnet. 
Notice  that  the  end  of  the  piece  of  watch-spring  which  last 
leaves  the  pole  of  the  magnet  is  an  S.  pole.  Show  that 
when  broken  into  two  parts  each  portion  of  this  remains 
a  perfect  magnet.  Show  also  that  however  often  the  pro- 
cess of  breaking  is  repeated,  the  above  result  will  ensue, 
each  portion  remaining  a  perfect  magnet. 

Experiment  III. — Show  that  a  test  tube  filled  with 
filings  or  turnings  of  hard  steel  may  be  magnetised  just  as 
if  it  were  a  steel  bar.  Then  show  that  if  the  turnings  are 
taken  out,  mixed  together,  and  replaced,  they  are  no  longer 
a  magnet.  To  magnetise  the  filings  a  strong  magnet 
should  be  used. 

Experiment  IV. — Anneal  a  piece  of  soft  iron  wire  by 
heating  it  to  redness  and  allowing  it  to  cool  slowly,  then 
show  that  this  wire  attracts  both  ends  of  the  magnet.  A 
body  which  attracts  both  ends  of  the  magnet  is  said  to  be 
a  magnetic  body. 

Experiment  V. — Attempt  to  magnetise  the  soft  iron  wire 
by  drawing  it  across  the  pole  of  a  magnet ;  when  withdrawn 
it  will  be  found  that  at  the  most  only  a  very  feeble  magnet 
is  produced. 
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Experiment  VL — Show,  however,  that  while  the  soft 
iron  remains  in  contact  with  or  near  the  pole  of  the  magnet 
the  former  becomes  temporarily  a  magnet,  being  capable 
of  attracting  iron  filings  ;  show  also  that  the  portion  of  the 
soft  iron  in  contact  with  the  magnetic  pole  possesses  a 
magnetism  opposite  in  name  to  that  of  the  pole,  and 
that  portion  of  it  farthest  from  the  magnetic  pole  a  mag- 
netism the  same  as  that  of  the  pole  by  magnetising  a 
piece  of  steel  by  its  means.  This  is  called  magnetisation 
by  induction. 

Experiment  VII, — Magnetise  a  piece  of  watch-spring. 
Wind  a  piece  of  wire  round  it  so  that  the  watch-spring 
may  be  held  in  the  blowpipe  flame,  where  it  should  be 
heated  to  a  bright  redness.  The  piece  of  watch-spring 
if  tested  when  cold  will  be  found  to  be  no  longer  a 
magnet. 

Experiment  VIII. — Heat  a  bar  of  iron  to  a  bright  red- 
ness in  a  good  fire,  and  show  that  it  will  not  now,  on  being 
placed  in  a  horizontal  position  near  the  magnetoscope, 
affect  the  latter.  Watch  the  needle,  and  notice  that  when 
the  bar  reaches  a  certain  temperature  there  will  be  a  sud- 
den deflection.  A  piece  of  wood  should  be  placed  between 
the  bar  and  the  magnetoscope  to  prevent  the  radiated  heat 
burning  the  suspending  thread. 

Experiment  IX. — Hold  a  bar  of  soft  iron  in  a  vertical 
position  and  smartly  tap  the  upper  end  with  a  hammer. 
Whilst  still  vertical  test  the  bar,  when  it  will  be  found  to 
be  a  magnet,  the  lower  end  being  the  north-seeking  pole. 
Reverse  the  bar  and  repeat  the  experiment,  the  polarity 
will  be  found  to  be  reversed,  the  now  lower  end  of  the 
magnet  being  still  the  north  pole.  Here  the  bar  becomes 
magnetised  by  the  inductive  action  of  the  earth,  which  acts 
like  a  large  magnet. 

Experiment  X. — Instead  of  a  bar  of  soft  iron  take  a  long 
and  somewhat  wide  slip  of  ordinary  tinned  iron,  and  plac- 
ing it  vertical  as  in  the  last  experiment,  mechanically 


ii.]  MAGNETISM.  23 

disturb  its  particles,  causing  the  iron  to  make  a  noise.  It 
will  now  be  a  magnet,  the  lower  end  being  the  north  pole. 
If  carried  gently  away  and  applied  to  the  magnetoscope,  it 
will  probably  be  found  to  retain  its  magnetised  state  ;  but 
if  once  more  mechanically  disturbed  when  horizontal  and 
pointing  east  and  west  it  will  be  found  to  be  no  longer  a 
magnet,  being  now  devoid  of  all  polarity.  In  this  state  it 
will  of  course  attract  equally  both  poles  of  the  suspended 
needle. 

Experiment  XL — Heat  a  piece  of  steel  and  allow  it  to  cool 
in  the  close  neighbourhood  of  a  magnet.  The  steel  will  be 
found  to  be  magnetised.  Heat  also  two  bars  of  iron,  but 
while  cooling  place  one  bar  so  as  to  lie  magnetic  north 
and  south,  and  the  other  so  as  to  lie  magnetic  east  and 
west — all  magnets  being  removed  to  some  distance  away. 
The  bar  lying  north  and  south  will  alone  be  magnetised. 
Of  course  care  must  be  taken  that  the  bars  are  not 
slraken. 

Experiment  XII. — Obtain  a  large  knitting  needle  and 
clamp  it  firmly  at  the  ends  by  brass  clamps.  Violently 
twist  the  wire  when  in  the  close  neighbourhood  of  a  magnet. 
The  knitting  needle  will  be  found  to  have  become  perman- 
ently magnetised. 

From  these  experiments  we  may  learn  various  things. 

In  the  first  place  we  see  that  the  difference  between 
hard  and  soft  iron  consists  in  this,  that  the  former  is  cap- 
able of  retaining  its  magnetised  condition  when  withdrawn 
from  the  exciting  cause,  while,  however,  the  latter  is  un- 
able to  do  so,  losing  all  or  nearly  all  its  magnetism  when 
withdrawn. 

Now  a  body  which,  owing  to  molecular  rigidity,  does 
not  readily  lose  its  magnetisation  is,  from  the  same  cause, 
less  susceptible  of  acquiring  this  condition.  To  increase 
its  susceptibility  in  this  respect  we  promote  a  certain 
molecular  freedom,  either  by  heat  or  mechanical  disturbance, 
while  the  body  lies  in  a  position  favourable  to  magnetic 
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influence.  The  magnetisation  is  thus  allowed  to  enter, 
and  when  entered  is  kept  there,  for  when  the  body  is 
cooled,  or  when  the  mechanical  disturbance  has  ceased,  the 
particles  are  once  more  in  a  rigid  state.  A  kind  of  trap  is 
thus  laid  for  the  magnetisation,  this  being  invited  to  enter 
through  an  open  door,  which  is  immediately  shut,  so  that 
the  guest  is  converted  into  a  prisoner.  This  property  of 
hard  iron  is  called  coercive  force,  and  from  Experiment  X. 
we  may  gather  that  soft  iron  is  not  entirely  devoid  of  this 
property,  possessing  it,  however,  to  a  very  much  smaller 
extent  than  hard  iron. 

LESSON  VIII. — The  Magnetic  Field. 

12.  Exercise. — To  obtain  and  fix  magnetic  curves. 

Apparatus. — Bar  and  horse-shoe  magnets,  pieces  of  soft 
iron,  a  piece  of  ferrotype  iron,  a  paraffin  bath,  sheets  of 
thin  writing  paper,  iron  filings,  a  piece  of  fine  muslin. 

Method. — Melt  the  paraffin  wax  in  the  bath,  and  soak 
in  it  a  sheet  of  writing  paper.  Lift  the  paper  out  of  the 
bath  by  one  corner  and  allow  the  melted  paraffin  to  drain 
off.  Suspend  the  paper  by  one  corner  until  the  paraffin 
has  set  hard.  Coat  several  sheets  in  this  way.  Now  place 
closely  over  a  horizontal  bar  magnet  a  sheet  of  the  pre- 
pared paper,  which  should  be  supported  so  that  the  surface 
is  level  by  means  of  pieces  of  wood.  Scatter  through  the 
fine  muslin  iron  filings  over  the  paper  from  about  a  foot 
above  it.  Tap  the  paper  until  the  filings  set  themselves 
along  lines  which  are  called  magnetic  curves.  Next  pass  the 
flame  of  a  Bunsen's  burner  over  the  paraffin  paper  so  as  to 
melt  the  paraffin,  when  the  filings  will  sink  into  the  melted 
wax.  On  removing  the  flame  the  paraffin  will  soon  solidify, 
and  the  filings  will  be  retained  permanently  in  the  posi- 
tion which  they  occupied  before  melting  —  that  is  to 
say,  ranged  along  magnetic  curves.  These  curves  may 
best  be  studied  by  holding  the  preparations  up  against 
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the  light,  when  the  forms  assumed  by  the  particles  of  iron 
will  be  distinctly  seen,  owing  to  the  transluceiicy  of  the 
paper. 

Let  the  student  thus  obtain  the  following  curves : — 

(a)  Curves — from  simple  bar  magnet. 
(I)         „  „     horse-shoe  magnet. 

(c)  „  ,,2   bar  magnets  with  like   poles  to- 

gether. 

(d)  „  „     2  bar  magnets  with  unlike  poles  to- 

gether. 

(e)  „  „     bar  magnet  with  a  piece  of  soft  iron 

in  its  field. 

(f)  „  „     bar  magnet  near  a  thin  disc  of  iron. 
(gj         „  „     end  of  bar  magnet. 

It  will  thus  be  seen  what  is  meant  by  the  magnetic 
field.  This  expression  merely  denotes  that  space  all  round 
a  magnet  through  which  it  is  capable  of  exercising  an  in- 
fluence upon  soft  iron  or  other  magnets.  Again,  the  mag- 
netic curves  represent,  in  the  first  place,  ropes  or  chains 
more  or  less  continuous,  into  which  the  iron  filings  arrange 
themselves  when  they  are  rendered  free  to  turn  by  the  in- 
fluence of  tapping.  Now,  had  we  used  instead  of  iron 
filings  a  series  of  very  small  needles  free  to  mote,  these 
would  have  similarly  arranged  themselves  along  the  mag- 
netic curves,  and  the  direction  of  the  force  acting  on  any 
one  such  needle  would  be  along  the  tangent  to  the  curve 
at  that  point.  The  needle  would,  in  fact,  place  itself 
so  that  this  force  would  pass  along  its  axis,  that  is,  it 
would  constitute  itself  a  tangent  to  the  curve  or  be  a 
virtual  portion  of  the  curve.  A  magnetic  curve  is  there- 
fore a  line  or  path  such  that  if  we  walk  along  it  with  a 
little  needle  in  our  hand  this  needle  will  always  point 
along  the  path. 

A  magnet  has  not  always  its  magnetism  symmetrically 
distributed  along  its  length.  To  prove  this,  let  us  obtain  a 
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long  knitting  needle,  then,  starting  at  a  point  J  of  the 
whole  length  from  one  end,  let  us  draw  the  N.  pole  of  a 
magnet  several  times  towards  this  end.  Next,  with  the 
same  pole  of  the  magnet,  and  starting  from  the  same  point, 
let  us  perform  the  same  process  towards  the  other  end.  In 
this  way  consequent  points  or  poles  will  be  produced.  These 
will  be  revealed  when  we  obtain  magnetic  curves  from  such 
a  magnet  by  the  process  indicated  above.  Such  a  peculiar 
disposition  of  magnetism  is  generally,  however,  a  source  of 
trouble,  and  our  object  is  to  avoid  it  rather  than  court  its 
production. 

Using  as  a  pencil  one  pole  of  a  strong  magnet,  draw 
a  pattern  upon  a  thin  steel  plate,  such  as  the  blade  of  a 
saw,  going  over  the  pattern  several  times.  If  we  then 
obtain  magnetic  curves,  these  may  be  found  to  be  very 
complicated.  Such  figures  are  known  as  Haldafs  Figures}- 

13.  Quantitative  Relations. — By  no  process  can  a  north 
pole  be  separated  from  a  south  pole.  This  may  be  inferred 
from  the  fact  (Art.  11)  that  when  a  magnet  is  broken 
each  piece  becomes  a  separate  and  complete  magnet,  so 
that  a  magnet  with  one  pole  is  not  possible.  It  is,  how- 
ever, customary  in  magnetic  observations  to  assume  that 
a  magnet  acts  as  if  its  power  were  concentrated  at  two 
points  near  its  ends  called  poles.  This  assumption  is 
the  more  nearly  true  the  longer  and  thinner  is  the  mag- 
net. Let  us  therefore  suppose  that  we  have  two  thin 
magnets  each  2  feet  in  length,  and  a  suitable  torsion 
balance.  We  could  arrange  our  apparatus  so  that  we 
might  neglect  the  forces  exerted  between  the  poles  that 
are  most  distant  from  each  other,  confining  our  attention 
to  those  that  are  near  together.  By  this  means  we  might 
investigate  the  law  of  attraction  or  repulsion  between  these 
near  poles,  and  show  that  it  is  probably  "  that  of  the  in- 

1  See  Treatise  on  Magnetism  from  the  7th  edition  of  the  Encyclopaedia 
Sritannica,  by  Sir  D.  Brewster,  chap.  ii. 
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verse  square."  We  shall,  however,  adopt  a  different 
method  of  procedure.  We  shall  begin  by  assuming  that 
the  poles  are  at  the  ends  of  the  magnet,  and  that  the  law 
of  force  is  that  of  the  "  inverse  square,"  and  with  this 
assumption  we  shall  investigate  the  action  of  one  magnet 
upon  another  in  certain  special  cases.  The  formulae  deduced 
will  then  be  submitted  to  experimental  verification,  which 
will  prove  their  truth,  and  along  with  it  the  truth  of  "  the  law 
of  the  inverse  square,"  upon  which  the  formulae  were  built. 
The  force  of  attraction  or  repulsion  between  two  mag- 
netic poles  is  expressed  in  the  C.  G.  S.  system  in  dynes. 
If/  and/'  be  the  magnetic  strength  of  two  poles,  and  d  the 
distance  between  them,  then  the  whole  force  of  mutual 
repulsion  or  attraction  will  be 


the  upper  sign  being  used  when  there  is  repulsion,  and 
the  lower  sign  when  there  is  attraction. 

The  magnetic  force  exercised  by  the  earth  at  a  given 
time  and  place  on  a  unit  pole  is  called  the  Intensity  of  the 
Earth's  Magnetic  Field  at  that  time  and  place.  If  we  have 
a  magnetic  needle  so  placed  that  it  is  free  to  oscillate  in  a 
vertical  plane,  its  horizontal  axis  of  motion  passing  strictly 
through  its  centre  of  gravity,  and  if  the  vertical  plane  in 
which  it  oscillates  be  that  of  the  magnetic  meridian,  then 
the  needle  will  point  in  an  inclined  position,  and  the  total 
intensity  of  the  earth's  magnetism  will  act  upon  it.  Under 
these  circumstances,  if/  be  the  magnetic  strength  of  the 
poles,  we  shall  have  the  whole  force  acting  on  a  pole  repre- 
sented as  follows  :  — 

Whole  force  acting  on  magnet  =  ±/T  .         .        .     (2) 

(Here  T  corresponds  to  ~  of  formula  (1).  For  although 
we  are  entitled  to  regard  the  earth  as  a  magnet,  we  cannot 
treat  it  as  an  ordinary  magnet  of  great  size,  the  two  poles 
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of  which  are  at  definite  and  measurable  distances  from  the 
locality  of  our  observation.) 

If  the  above  magnet  be  now  supported  so  that  it  is  com- 
pelled to  swing  in  a  horizontal  plane,  it  will  point  in  the 
direction  of  the  magnetic  meridian,  but  it  will  not  now 
have  the  whole  of  the  earth's  magnetic  force  acting  upon 
it,  but  only  the  horizontal  component  of  that  force.  If  we 
call  this  H  we  shall  now  have 

Force-  acting  on  magnet  =  ±  /H      .        .         .     (3) 

This  force  is  entirely  of  the  nature  of  a  couple,  that  is  to 
say,  if  the  needle  be  turned  in  a  direction  at  right  angles 
to  the  magnetic  meridian,  we  shall  have  an  attractive  force 
acting  on  the  N.  pole  of  the  needle  at  right  angles  to  its 
length  tending  to  pull  this  pole  to  the  north,  and  an 
opposite  force  acting  on  the  S.  pole  of  the  needle  tend- 
ing to  push  it  from  the  north  or  pull  it  southwards. 
And  inasmuch  as  the  length  of  the  needle  is  quite  in- 
significant compared  to  the  size  of  the  earth,  so  that 
both  ends  of  the  needle  may  be  looked  upon  as  identi- 
cally situated  with  respect  to  the  earth's  magnetic  field, 
the  one  of  these  forces  will  be  precisely  equal  to  the 
other.  Hence  the  earth's  action  on  the  magnet  will 
be  merely  directive,  and  the  magnet  will  neither  be 
attracted  nor  repelled  by  the  earth  as  a  whole.  Hence 
also  a  magnetised  body  does  not  experience  any  in- 
crease or  diminution  of  weight  as  a  consequence  of  its 
magnetisation. 

The  couple  which  thus  acts  on  a  horizontally  suspended 
needle  may  be  termed  The  Horizontal  Terrestrial  Magnetic 
Couple.  Its  moment  is  found  by  multiplying  the  above 
force  by  the  arm  of  the  couple,  that  is  to  say,  by  the  dis- 
tance between  the  two  poles.  If  A  be  the  distance  between 
one  of  the  poles  and  the  centre  of  the  needle,  then  the 
distance  between  the  two  poles  will  be  2  A,  and  the  moment 
of  the  horizontal  terrestrial  magnetic  couple  will  be  2A/H. 
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Let  us  now  proceed  to  study  the  action  of  a  magnet 
upon  a  needle.  For  this  purpose  conceive  nOs  (Fig.  11) 
to  be  a  small  horizontally-suspended  magnetic  needle  which 
is  displaced  from  its  position  of  rest, 
MOR  in  the  magnetic  meridian,  so  as 
to  make  the  angle  a  (which  we  shall 
suppose  to  be  small)  with  this  meridian. 

Let  H  denote  the  horizontal  intensity 
of  the  earth's  magnetism ;  let  /'  be  the 
strength  of  a  pole,  and  2  A  the  distance 
between  the  poles,  then  the  couple 
urging  the  needle  back  to  its  position 
of  rest  will  be 

2X/H  sin  a     ...         .     (4) 

Suppose  now  that  the  needle  nOs  is  kept 
deflected  by  a  powerful  horizontally-fixed 
permanent  magnet  NS  (Fig.  12),  placed 
with  its  axis  hi  a  line  that  is  perpendicu- 
lar to  the  magnetic  meridian,  and  that 
passes  through  the  centre  of  suspension 
of  the  magnetic  needle.  Let  ±  /  be  the 
strength  of  the  poles  of  the  fixed  mag- 
net, 21  the  distance  between  its  poles, 
and  d  the  distance  of  its  centre  from  the  centre  of  the 
needle. 

If  we  suppose  A  to  be  very  small  compared  to  the 
distance  d,  and  if  the  angle  a  is  not  great,  then  the  dis- 
tance of  the  pole  S  from  n  or  s  will  be  approximately 
represented  by  d  -  I,  while  that  of  the  pole  N  from  n 
or  s  will  be  approximately  represented  by  d  +  I. 

We  thus  find  (assuming  the  law  of  force  to  be  that  of 
the  inverse  square) 

Attraction  of  S  upon  w=—  ---  • 

,      jit 

Repulsion  of  N  upon  n  =  .-=- ~-.-a  • 


Fig.  11. 
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Hence  total  attractive  action  upon  n 


-*M  -1 

—  JJ     I  /^_i_7\2  ~ 


(d+l?    (d-l? 
-i'ld 


In  like  manner  the  total  repulsive  action  upon  s 


Bearing  in  mind  that  this  force  makes  approximately  an 
angle  (90  -  a)  with  the  length  of  the  needle,  we  thus  see 


-> 


Fig.  12. 


that  the  needle  is  acted  upon  by  a  couple  whose  moment  is 


Now  this  moment  must  (since  there  is  equilibrium)  be  equal 
to  that  of  the  earth's  magnetic  couple  ;  hence 
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or 


H 


tan  a. 


It  will  be  seen  that  2ft  is  the  strength  of  the  one  pole 
of  the  permanent  magnet  multiplied  by  the  distance  be- 
tween the  two  poles ;  this  is  called  the 
inoment  of  the  magnet. 
moment  by  M  we  have 


If  we   designate  this  M 


tan  a 


(I.) 


and  if  d  be  very  great  compared  with  /  this 
will  become 

M  *--  d.) 


In  a  similar  manner  the  relation  between 
M  and  H  can  be  ascertained  when  the  magnet 
is  placed  broadside  on,  as  in  B,  Fig.  13.  These 
two  positions  we  shall  call  the  A  and  B  Tan- 
gent Positions  of  Gauss. 

In  the  following  table  are  given  the  first,  second,  and 
third  approximations  to  the  value  of  g  for  the  two  cases  A 
andB. 

TABLE  D. 


FORMULAE  FOR  THE  TANGENT  POSITIONS  A  AND  B  OF  GAUSS. 

3d  Approximation  (c). 


1st  Approxi- 
mation (a). 


2d  Approxi- 
mation (b). 


M      (^-Z^tana     M 
H- 


a* 


-5»(2P  -  3X2  + 15\2  sin2  a)  j  = 


c^tana 


r2 
or 


If  these  formula}  be  examined  it  will  be  observed  that 
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in  the  first  approximation  the  length  of  the  magnet  is 
neglected  as  being  small  compared  to  the  distance  between 
the  magnet  and  the  needle.  In  the  second  approxi- 
mation, however,  this  is  taken  into  account,  but  the  poles 
are  regarded  as  being  placed  at  the  extremities  of 
the  magnet.  But  in  the  third  approximation  regard  is 
had  to  the  length  of  the  small  needle.  What  we  here 
obtain  is  virtually  an  expression  of  the  following  form,  if 
we  take  position  A  :  — 


M 


where  K  is  a  constant,  inasmuch  as  the  variable  expression 
involving  sin2  a  is  exceedingly  small.  The  best  method  of 
determining  this  constant  is  by  varying  the  distance,  which 
we  shall  now  suppose  to  become  d',  while  the  angle  of 
deflection  becomes  a.  Hence 

MA      K\>tan«' 

~~ 


Between  (1)  and  (2)  the  constant  K  may  be   eliminated, 
and  we  obtain 

M_d5tana-d'5tana' 
'~  -'* 


LESSON  IX. — Action  of  a  Magnet  on  a  Magnet. 

14.  Exercise. — To  prove  the  formulae  of  the  preceding 
paragraphs  experimentally. 

Apparatus. — A  compass  box  consisting  of  a  small  mag- 
netic needle  (Fig,  14)  pivoted  at  the  centre  of  a  circular 
card,  which  is  graduated.  The  needle  has  a  pointer  pp 
of  brass  wire  placed  at  right  angles  to  the  magnetic  needle. 
To  avoid  parallax  in  reading  the  position  of  the  pointer 
the  bottom  of  the  compass  box  is  provided  with  a  mirror, 
which  is  indicated  by  the  shaded  portion  of  the  figure. 
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The  compass  box  is  placed  on  a  scale  graduated  in  milli- 
metres. A  short  but  powerfully  magnetised  bar  magnet 
will  likewise  be  required. 


Fig.  14.— APPARATUS  FOR  PROOF  OF  LAWS. 

Method. — Arrange  the  apparatus  for  the  A  position  of 
Gauss.     See  that  both  pointers  are  at  zero.     Place  the  bar 


Fig.  15. 

magnet  on  the  east  limb  of  the  instrument  with  its  N  pole 
west,  and  note  the  deflection  produced  by  means  of  the 
pointers.     Note  at  the  same  time  the  exact  distance  be- 
VOL.  II.  D 
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tween  the  centres  of  the  two  magnets.  Then  turn  the 
magnet  end  for  end,  so  that  while  its  centre  preserves  the 
same  position  its  south  pole  is  now  nearest  the  needle,  and 
again  read  the  deflected  position  of  the  pointers.  Next 
take  the  magnet  to  the  other  limb  of  the  instrument, 
leaving  its  distance  from  the  centre  of  the  needle  the  same 
as  before,  and  obtain  a  series  of  deflections  similar  to  those 
already  described.  Fig.  15  shows  the  various  positions. 
Take  the  mean  of  the  deflections  in  order  to  obtain  the 
angle  a.  Lastly,  repeat  the  observations  with  different 
distances,  and  then  calculate  the  value  of  ^  with  the  aid 
of  the  preceding  formulas. 

Repeat  the  experiment  for  the  B  position  of  Gauss. 

Example. — 

A  POSITION. 


Posi- 

Distance  of 

tion. 

Magnet  from 
Compass  Box. 

Deflection  (a). 

Experiment  I.  — 

1 

20  cm. 

ll°-25 

2 

}  } 

ir-0  —Mean,  110<125 

3 

5} 

n°-o 

4 

y  j 

ir-25 

Experiment  If.  — 

1 

10  cm. 

30°  -00 

2 

»  > 

30°  -00—  Mean,  30°  19 

3 

30°  -50 

4 

30°  -25 

Experiment  III.  — 

1 

5  cm. 

49°  -00 

2 

» 

53°  -00—  Mean,  51°  '06 

3 

>  ? 

53°  -00 

4 

49°  "25 

Length  of  magnet  =  1  0  '5  cm.     Diameter  of  compass  box  =  1  8  '0  cm. 
Length  of  compass  needle  —  28  '5  mm. 

i  The  difference  between  the  values  in  Experiment  III, 
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would  seem  to  indicate  that  the  magnet  was  too  near  the 
compass  box,  hence  we  shall  reject  the  result. 

Exp.  I.          Exp.  II. 

Using  Formula  (Ia)  .         .     -.  .        .     ^  =  3949'4        4148'4 
(I»)    .        .        .        .     ^  =  3767-0        3768-7 

(Ic)    .        .        .        •     H   =  3786'°        3784'5 

Taking  the  mean  of  the  Ic  results  as  the  most  probably 
accurate  value,  the  percentage  error  from  this  mean  was 
found  for  formulae  Ia  and  I& — 

Formula  (I0). — Exp.  I.  .  .  Percentage  of  error  +4 '3 

Exp.  II.  -.  .  .  ,,  „  +9-6 

Formula  (!»).—  Exp.  I.  /•  .  „  ,,  -0'5 

Exp.  II.  .  .  „  „  -0-4 

15.  Method  of  Sines. — If  the  compass  box  and  the  scale 
were  mounted  so  as  to  revolve  about  the  centre  of  suspen- 
sion of  the  needle,  and  if  a  graduated  fixed  external  circle 
were  provided  in  order  to  measure  the  amount  of  rotation, 
then  the  readings  might  be  taken  in  another  way.  The 
needle  being  at  zero  to  begin  with,  we  might  then  place 
the  magnet  on  the  scale,  and  cause  the  apparatus  to  revolve 
until  the  needle  is  again  at  zero.  By  means  of  the  gradu- 
ated circle  we  might  ascertain  the  exact  amount  of  rotation 
which  would  represent  a,  or  the  angle  through  which  the 
needle  had  been  deflected  from  its  position  of  rest.  On  the 
other  hand,  the  angle  between  the  magnet  and  the  needle 
is  no  longer,  as  in  the  first  method,  90°  -  a,  but  90°,  in- 
asmuch as  the  one  is  kept  perpendicular  to  the  other.  It 
follows  that  in  Art.  1 3,  when  we  equate  together  the  earth's 
and  the  magnet's  magnetic  couple,  instead  of  cos  a  we  must 

substitute  unity,  and  for  or  tan  a  simply  sin  a.     In 

cos  a 

other  respects  the  expressions  will  remain   the  same  as 
before. 
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We  shall  thus  obtain  the  following  modified  formula — 
Position  A 


M  / 

n(] 


2P-SX*  ^ 


approximately 

H 
Position  B 

] 

approximately 

M     ,-  .  ,,N 

H  =  *sina      .         .         .    •     ,       ,.     (4) 

16.  Determination  of  MH. — It  has  been  shown  in  Vol.  I. 
p.  246  that  the  time  of  vibration  (t)  of  a  magnetic  system 
oscillating  under  the  action  of  the  earth's  magnetism  may, 
if  we  dispense  with  torsion,  be  represented  as  follows : 


where  I  is  the  moment  of  inertia  of  the  system,  and  MH 
the  directive  couple  due  to  the  mutual  action  of  the  magnet 
and  the  earth. 

If  t  be  experimentally  determined,  and  if  I  be  ascer- 
tained either  experimentally  or  by  calculation,  then  equa- 
tion (1)  will  enable  us  to  find  MH.  But  we  have  already 
shown  how  g  may  be  obtained.  Hence  we  have  now 
sufficient  data  to  enable  us  to  obtain  both  M  and  H ;  that 
is  to  say,  both  the  moment  of  the  magnet  and  the  hori- 
zontal intensity  of  the  earth's  magnetism. 

It  will  at  once  be  seen  that  it  is  quite  essential  to  obtain 
two  expressions  in  order  that  we  may  determine  each  of  the 
two  separate  and  independently  varying  quantities  M 
andH. 

Nor  will  it  do  to  determine  M  once  for  all,  for  a  magnet 
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generally  becomes  weaker  through  age,  and  a  blow  or  the 
mere  act  of  dropping  our  magnet  on  the  floor  may  cause  a 
very  perceptible  change  in  the  value  of  M. 


LESSON  X. — Determination  of  H  and  M. 

17.  Apparatus. — A  simple  magnetometer.  Fig.  1 6  shows 
a  form  which  the  student  can  readily  construct  for  himself.1 
It  consists  of  a  base-board  about  29  cm.  long  by  16  cm. 


Fig.  16.— THE  MAGNETOMETER.  Fig.  17. 

broad  and  4  cm.  thick ;  this  is  provided  with  three  levelling 
screws.  There  is  likewise  an  upright  ab  about  20  cm.  high 
and  1  \  cm.  square,  and  along  the  middle  of  its  front  a  fine 
groove  is  cut.  At  c  (Fig.  1 7)  this  groove  opens  out  into  a 

1  For  the  chief  details  of  this  lesson  we  are  indebted  to  Absolute 
Measurements  in  Electricity  and  Magnetism,  by  Professor  Andrew  Gray 
(Macmillan  and  Co.)  The  magnetometer  described  is  but  little 
different  from  that  devised  by  Mr.  J.  T.  Bottomley. 
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small,  very  shallow  chamber.  A  small  mirror  (such  as  is 
used  for  a  Thomson's  galvanometer),  having  a  little  magnet 
made  of  watch-spring  attached  to  its  back,  is  provided  with 
a  fibre  of  unspun  silk,  and  suspended  in  the  small  chamber, 
the  upper  end  of  the  fibre  being  fastened  by  wax  to  an  ad- 
justable brass  pin,  d.  The  chamber  is  shut  in  by  a  strip  of 
glass,  which  is  held  in  its  place  by  means  of  two  wooden 
side  pieces,  or  by  cement.  The  little  chamber,  if  made  of 
brass,  as  shown  in  the  shaded  portions  of  c,  Fig.  17,  will 
possess  several  advantages  over  a  wooden  chamber ;  for 
it  will  help  to  bring  the  mirror  to  rest  by  its  damping 
effect,  and  it  will  be  free  from  small  splinters  such  as  are 
apt  to  interfere  with  the  motion  of  the  needle  in  a  wooden 
chamber.  By  making  the  chamber  only  just  larger  than 
the  mirror,  and  very  shallow,  the  instrument  may  be  made 
to  possess  almost  all  the  properties  of  a  dead-beat  arrange- 
ment ;  that  is  to  say,  after  being  disturbed,  the  needle  will 
almost  immediately  return  to  its  position  of  rest. 

In  addition  to  this  magnetome- 
ter, several  knitting  needles  about 
1  mm.  thick  (or  less)  will  be  required. 
Also  an  apparatus  for  magnetising, 
consisting  of  a  helix  and  battery, 
as  well  as  a  wire  gauge  and  slide 
calliper  for  measuring  the  length  and 
diameter  of  the  wire.  In  order  to 
determine  the  time  of  vibration  of 
the  magnet,  the  simple  apparatus 
shown  in  Fig.  1 8  should  be  used. 
It  consists  of  a  wide-mouthed  bottle 
about  1 6  cm.  high  and  8  cm.  in 
diameter,  provided  with  a  cork,  which  has  inserted  into  it 
a  glass  tube  terminating  in  a  hook.  From  this  hook  a 
fibre  may  be  suspended,  having  the  magnet  attached  to  its 
lower  end.  A  stirrup  of  paper  or  aluminium  foil  may  be 
employed  to  support  the  magnet.  A  black  vertical  ink 


a- 


Fig.  18. 
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line  ab  is  ruled  down  the  side  of  the  bottle.  On  the  oppo- 
site side  is  a  sheet  of  white  paper,  AB. 

It  will  likewise  be  necessary  to  have  a  block  of  wood, 
W,  intended  to  support  a  wooden  millimetre  scale  MN 
(Fig.  16),  this  being  held  in  its  place  by  the  button  B. 
The  block  is  of  such  a  size,  that  when  placed  on  the  base  of 
the  magnetometer,  the  scale  and  the  needle  may  be  nearly 
at  the  same  horizontal  level.  We  have  said  nearly,  because 
the  scale  should  be  slightly  lower,  so  that  when  the  magnet 
m  is  placed  on  the  scale,  where  it  may  be  held  in  place 
by  the  end  of  a  cork,  c,  its  axis  may  be  as  nearly  as 
possible  in  the  same  horizontal  plane  as  the  axis  of  the 
magnet  attached  to  the  mirror.  Finally,  a  galvanometer 
scale  will  be  necessary. 

Method — Preparation  of  the  Magnets. — Take  about  ten 
pieces  of  knitting  needle,  each  about  7  cm.  long,  and  bind 
them  together  by  iron  wire.  Then  heat  them  in  the  blow- 
pipe flame  or  in  the  fire  to  redness,  allowing  them  to  cool 
slowly ;  they  will  thus  be  softened.  Now  file  the  ends 
so  that  they  may  be  true,  and  straighten  each  of  the 
wires.  Again  bind  them  together,  heating  them  to 
bright  redness,  then  very  quickly  remove  them  from  the 
fire,  and  plunge  them  vertically  into  cold  water.  They 
will  now  be  very  hard.  Next  place  the  bundle  in  the 
centre  of  a  helix  of  insulated  wire,  around  which  a  strong 
current  is  passing.  The  wires  should  now  be  strongly 
magnetised.  Each  of  these  wires  may  be  used  as  a  separate 
magnet. 

Setting  up  the  Magnetometer. — Place  the  instrument  on  a 
firm  slab  or  table,  in  the  position  where  it  is  desired  to 
determine  H.  The  front  of  the  instrument  must  lie  along 
the  magnetic  meridian,  and  the  whole  must  be  levelled  so 
that  the  mirror  may  swing  freely.  Set  up  the  galvan- 
ometer scale  also  in  the  magnetic  meridian,  and  at  such 
a  distance  as  shall  be  best  adapted  for  obtaining  a  clear 
image  on  the  galvanometer  scale  of  the  luminous  slit  as 
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reflected  from  the  surface  of  the  suspended  mirror,  or  the 
scale  may  be  set  exactly  a  metre  away,  and  the  image  of 
a  wire  placed  in  the  slit  (see  Art.  35)  may  be  focused  by 
a  lens. 

Taking  Deflections. — Fix  one  of  the  magnets  broadside  on 
(the  B  position  of  Gauss)  as  regards  the  suspended  needle, 
and  take  readings  such  as  have  been  described  in  Lesson 
IX.  Do  this  successively  with  several  magnets.  In  order 
to  determine  the  angle  of  deflection,  it  will  be  necessary  to 
know  the  distance  of  the  galvanometer  scale  from  the 
mirror,  and  likewise  the  value  in  millimetres  of  one  of  its 
scale  divisions. 

Determining  the  Time  of  Vibration. — Place  a  magnet  so 
that  it  hangs  horizontally  in  the  stirrup  of  Fig.  1 8.  Then 
set  it  vibrating,  but  without  any  swinging  motion,  in  such 
a  manner  that  it  makes  equal  oscillations  on  either  side  of 
the  ink-mark.  Then  standing  two  or  three  yards  away,  in 
order  that  the  error  due  to  parallax  may  be  small,  note 
down  the  times  of  passages,  using  the  method  described  in 
Vol.  I.  p.  188.  In  the  same  manner  ascertain  the  time  of 
vibration  of  the  other  magnets  which  were  used  in  the 
deflection  observations.1 

Calculation  of  Moment  of  Inertia. — Determine  the  length 
and  diameter  of  the  wire  by  one  of  the  methods  of  Vol.  I. 
Then  calculate  the  moment  of  Inertia  I  from  the  formula 
given  in  Vol.  I.  p.  244. 

Example. — 

Distance  of  mirror  from  scale  =  78 '5  cm. 
200  scale  divisions  =  20 '35  cm. 

Thus  distance  of  reading  scale  from  deflected  needle  =  771 '5  scale 
divisions. 

Half  length  of  magnet  l  =  2'837  cm. 

1  The  above  simple  method  has  been  greatly  improved  in  its  details, 
so  as  to  increase  largely  its  accuracy.  See  "Measurement  of  the  In- 
tensity of  H  at  Glasgow,"  by  T.  Gray,  B.Sc.,  Phil.  Mag.,  Dec.  1885, 
p.  484. 
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The  three  following  sets  of  readings  were  taken  :  — 


Hence 


(a) 


(c) 


Hence 


Distance. 


T«"  «* 


(a) 

13-2  era. 

68 

00 

77T5 

2°  31' 

(&) 

11-05,, 

113 

113 

771-5 

4°  KX 

M 

10-10,, 

146 

146 
771*5 

5°  21' 

•^  =  (182'29)i  tan  2°  31' =  108  "18 
^=(130'15)i  tan  4°  10'  =  108-17 

^  =(110-06)'  tan  5°  21' =108 '13 
Mean        108-16  . 


(A) 


Weight  (ID)  of  magnet  =     "467  grms. 
Length  (L)  of  magnet  =  5  "674  cm. 
Radius  (r)  of  magnet  =     '05614  cm. 


-  +  L  J  w  =  (2  -6829  +  -000788)  '467 = 1  '2533. 
T  =  time  of  oscillation  =  177  seconds. 

MH=  -^  =  3-948       .         .        '. 


MH  x      =H2=  -036504, 
M 

H='191. 


.     (B) 


18.  Determination  of  M.  —  The  value  of  H  for  the  locality 
having  once  been  obtained,  this  may  be  used  in  subsequent 
experiments,  provided  that  no  change  in  the  surrounding 
movable  iron  has  been  made.  During  a  set  of  experiments 
it  is  well  to  determine  H  at  the  commencement  and  at  the 
end  of  the  series.  If  H  has  been  thus  determined,  and  if 
we  assume  it  to  be  practically  constant,  or  at  least  subject 
to  very  small  variations,  it  is  clear  that  a  single  observation 
of  deflection  will  enable  us  to  determine  M  ;  and  if  the 
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magnetometer  has  a  fixed  position,  this  observation  will  be 
of  the  simplest  possible  character.  We  have  in  fine,  taking 
the  A  Position, 

"8a      ...         .         .     (1) 


and  also 


(2) 


where  s  is  the  deflection  in  scale  divisions,  and  L  the 
distance  of  the  mirror  from  the  scale,  also  in  scale  divi- 
sions. From  (2)  tan  a  may  be  ascertained,  by  the  help  of 
tables  (see  Vol.  I.  p.  55),  and  hence  the  value  of  M  may  be 
found  from  (1)  with  very  little  trouble. 

If  our  object  is  to  determine  H  for  purposes  connected 
with  terrestrial  magnetism  we  must  conduct  our  experi- 
ment in  a  locality  perfectly  free  from  neighbouring  iron. 
A  small  wooden  house  put  together  with  copper  nails  is 
frequently  used.  But  for  each  observation  it  is  highly 
desirable  to  use  the  more  complete  instrument  to  be 
afterwards  described. 

19.  The  magnetometer  may  be  employed  for  studying 
the  variations  of  the  moments  of  magnets  under  different 
conditions.     This  will  be  exemplified  in  the  next  lesson,  in 
which  we  shall  treat  of  the  effect  of  temperature  upon  a 
magnet. 

LESSON  XL  —  Effect  of  Temperature  on  Magnetism. 

20.  Exercise.  —  To  plot  a  curve  showing  the  variations  of 
the  magnetic  moment  of  a  magnet  with  changes  of  tem- 
perature, and  to  deduce  the  temperature  coefficient. 

Apparatus.  —  A  bar  magnet  M  (Fig.  19),  about  10  cm. 
long  and  1  cm.  in  diameter.  Around  this  magnet  is  wound 
strong  brass  wire  in  order  to  enable  it  to  be  supported 
firmly  from  a  wooden  stand  C.  The  magnet  is  thus  fixed 
in  a  horizontal  position  in  an  evaporating  basin  of  porcelain 
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V,  which  rests  on  two  fire-bricks  BB.  Oil  is  placed  in  the 
basin  so  as  just  to  cover  the  magnet.  The  oil  is  heated 
by  a  glass  spirit-lamp  L,  the  temperature  being  recorded 
by  the  thermometer  T,  The  apparatus  is  placed  at  a  fixed 
distance  from  the  magnetometer,  the  magnet  being  in  the 


Fig.  19. 

A  tangent  position  of  Gauss.  For  accurate  work  a  second 
magnetometer  will  be  necessary.  It  should  be  fixed  some 
distance  away  from  the  other  one. 

Method. — All  requisite  adjustments  having  been  made 
according  to  the  preceding  lessons,  the  oil  is  gradually 
heated,  and  the  readings  of  the  magnetometer  and  ther- 
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mometer  are  taken  for  a  rise  of  say  every  5°  C.  up  to  about 
120°  C.  The  lamp  is  then  removed  and  the  readings  are 
repeated  as  the  oil  cools.  It  will  be  necessary  to  observe 
whether  the  zero  point  of  the  magnetometer  has  undergone 
any  change  during  the  progress  of  the  experiment,  such  as 
that  which  would  be  produced  by  the  solar  diurnal  varia- 
tion of  declination.  The  disturbance  due  to  the  declina- 
tion change  will  have  to  be  determined  by  means  of  a 
second  similar  magnetometer.  Curves  should  be  plotted 
exhibiting  the  simultaneous  readings  of  the  magnetometer 
and  thermometer,  from  which  the  temperature  coefficient 
of  the  magnet  may  be  deduced,  as  shown  in  the  following 
example. 

Example. — A  telephone  magnet  magnetised  to  satura- 
tion was  heated  and  cooled  twice.  The  results  are 
tabulated : — 

Experiment  I.  Experiment  II. 

Tempera-  Deflection.  Tempera-  Deflection, 

ture.          Heating.        Cooling.  ture.          Heating.        Cooling. 

30     198      ...  10  240 

40     195      170-5        30  235  229 

50     191      165          40  232  225 '2 

60     184-5     162-8         50  228  221 

70-2    178      159          60  224  217 

80     172      156-2         70  220  212 

90     165-5     154          80  215 '5  208 

100     157      ...  90  209-5  202-5 

100  201  199 

101  199 

We  perceive  from  these  experiments — (1.)  That  the 
rate  of  loss  for  rising  is  greater  than  the  rate  of  gain  for 
falling  temperatures.  (2.)  That  we  have  a  permanent 
loss  of  magnetism  in  the  double  operation  which  is  less 
in  Experiment  II.  than  in  Experiment  I.  To  calculate  the 
temperature  coefficient  between  any  two  temperatures  we 
make  use  of  the  formula  : — 
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where  Mf  is  the  moment  at  the  temperature  t,  Mto  is  the 
moment  at  the  standard  temperature  t0,  and  q  is  the  re- 
quired coefficient. 

Thus  in  Experiment  I.,  with  /  =  100,  t0  =  50,  we  find, 
for  rising  temperature — 

157  =  191(1-50}),  or  q=  '00356. 

21.  Distribution  of  Magnetism. — It  is  an  interesting 
problem  to  determine  the  distribution  of  magnetism  at 
different  points  of  a  bar  magnet.  The  theoretical 
investigation  as  given  by  Biot,  Green,  Jamin,  and 
Rowland  is  much  beyond  the  scope  of  this  treatise. 
A  summary  will  be  found  in  Mascart  and  Joubert's 
Treatise  on  Electricity  and  Magnetism,  vol.  i.  pp.  393- 
398. 

Many  of  the  experimental  methods  that  have  been  used 
for  this  purpose  are  open  to  grave  objection ;  but  we  shall 
nevertheless  give  some  of  these  methods,  for  not  only  are 
they  of  great  historic  interest,  but  they  involve  principles 
that  should  be  known  to  the  student,  who  may  require  some 
application  of  them  in  studying  magnetic  problems.  The 
chief  methods  are 

(1.)  The  Method  of  Vibration. 

(2.)  That  of  the  Torsion  Balance. 

(3.)  Test-Nail  Method. 

(4.)  Rowland's  Method. 

(5.)  The  Deflection  Method. 

Of  these  the  fourth  is  the  only  one  that  is  really  free 
from  theoretical  objection ;  it  will  be  considered  fully  in 
the  chapter  on  electro-magnetism. 

The  first  two  methods  were  used  by  Coulomb  in  his 
classical  experiments.1  The  third  method,  depending  upon 

1  See  Collection  de  M&moircs  relatifs  a  la  Physique  publics  par  la 
Societe  Franqaise  de  Physique,  tome  i. ;  Memoires  de  Coulomb,  Paris, 
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the  force  necessary  to  detach  a  magnetic  particle  from 
different  parts  of  a  magnet,  has  been  the  subject  of  several 
mechanical  devices,  and  we  may  especially  mention  that 
due  to  Jamin.1 


LESSON  XII. — Distribution  of  Magnetism — Method 
of  Vibrations. 

22.  Exercise. — To  determine  the  distribution  of  magnet- 
ism along  different  points  of  a  bar  magnet  and  to  compare 
the  result  with  Biot's  formula. 

Apparatus. — (1.)  A  bar  of  hard  steel,  730  mm.  long  by 
10  mm.  in  breadth  and  6  mm.  thick,  that  has  been  gradu- 
ated into  centimetres,  and  magnetised  by  insertion  into  a 
helix  of  insulated  wire,  through  which  a  strong  current 
flows.  (2.)  A  small  massive  cylindrical  needle  of  glass- 
hard  steel  about  10  mm.  long  by  5  mm.  in  diameter, — a 
piece  of  a  rat-tail  file  will  do  very  well.  This  must  be 
magnetised  to  saturation.  (3.)  A  wooden  case  (see  Fig. 
20)  with  a  glass  window,  in  which  the  needle  N  fixed  in 
a  stirrup  is  suspended  by  a  silk  fibre  from  the  roof,  and 
prevented  from  swinging  by  a  second  fibre  connecting 
the  bottom  of  the  needle  with  the  floor  of  the  case. 
At  the  back  of  the  case  a  groove  is  cut,  in  which  the 
magnet  M  may  slide  up  or  down  at  a  constant  small  dis- 
tance from  the  needle.  The  magnet  may  be  clamped  by 
a  wooden  button,  so  that  any  of  the  division  marks  may 
lie  in  the  axis  of  the  needle.  The  apparatus  is  clamped 
to  the  edge  of  the  table  by  a  brass  hand  clamp.  (4.) 
For  taking  the  time  of  vibration  an  American  stop-clock  is 
useful. 

Gauthier  Villiars.  It  would  be  difficult  to  find  elsewhere  examples  of 
experimental  work  of  such  a  thorough  and  ingenious  kind  as  in  this 
volume. 

1  See  Jamin,  Oours  de  Physique,  tome  iv.  p.  342. 
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Theory. — According  to  Art.  16,  if  a  magnet  of  moment 
M  be  set  vibrating  in  a  field  of  strength  H,  then 


£  — 


(1) 


Fig.  20. — COULOMB'S  APPARATUS. 

where  t  is  the  time  of  vibration  and  I  is  the  moment  of 
inertia.      Hence 

MTT     K  m 

MH  =  -2 (2) 
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where  K  is  a  constant  for  the  same  magnet.     Now  if  this 
magnet  be  placed  in  a  field  of  strength  H  +  FI}  then  from  (2) 

M(H  +  Fa)=|,  .....     (3) 

where  ^  is  the  new  time  of  vibration.     Again,  if  the  field 
be  of  strength  H  +  F2,  then,  as  before, 


a  .....     (4) 
Hence 


Fo~l       1~N22-N2 

"   i?"? 

where  N,  Nx  and  N2  are  the  number  of  vibrations  made  in 
the  same  length  of  time  in  these  cases. 

Method  of  Experiment.  —  (1.)  Place  the  apparatus  in  the 
magnetic  meridian.  (2.)  Set  the  needle  vibrating  under 
the  action  of  the  earth  alone,  and  determine  its  time  of 
vibration  by  counting  say  100  vibrations  and  observing  the 
interval  of  time  by  the  stop-watch.  (3.)  Place  the  magnet 
in  position  and  observe  now  the  time  of  vibration  of  the 
needle  for  different  positions  of  the  magnet.  Care  must 
be  taken  that  the  needle  does  not  take  up  a  swinging 
motion,  which  will  interfere  with  the  accuracy  of  the  obser- 
vation. (4.)  Thus  obtain  |r,  by  means  of  which  you  may 
graphically  or  otherwise  compare  the  forces  exerted  on 
the  needle  at  various  positions  of  the  magnet. 

Now  Coulomb  supposed  that  the  perpendicular  com- 
ponent due  to  any  small  length  of  the  magnet  was  repre- 
sented by  the  force  exerted  on  the  small  needle.  But 
it  is  clear  that  the  force  which  acts  upon  the  needle  will 
be  not  merely  that  due  to  that  small  length  of  the  magnet 
which  is  nearly  perpendicular  to  the  needle,  but  will  like- 
wise embrace  the  resolved  portions  of  the  forces  exerted  by 
those  magnetic  regions  to  the  right  and  to  the  left.  Also 
the  resolved  portions  to  the  right  will,  unless  we  are 


ii.]  MAGNETISM.  49 

observing  the  central  point  of  the  magnet,  be  different 
from  those  to  the  left.  On  the  whole  therefore,  our  ob- 
servations will  not  accurately  represent  the  force  exerted 
by  the  various  points  of  the  magnet  unless  the  needle  be 
infinitely  small  and  infinitely  near  the  magnet.  Inasmuch, 
however,  as  the  perpendicular  component  of  the  force  from 
any  neighbouring  region  of'  the  magnet  rapidly  decreases 
both  on  account  of  the  distance  (its  value  varying  inversely 
as  the  square  of  the  distance)  and  also  on  account  of  the 
obliquity,  it  seems  probable  that  the  observation  will  give 
us  a  fair  approximation  towards  the  truth,  provided  we  are 
not  too  near  the  end  of  the  magnet. 

Biot,  by  comparing  a  magnet  to   a  Volta's   pile,  has 
arrived  at  the  formula  — 


where  /x  and  A  are  constants,  21  is  the  length  of  the  mag- 
net, x  is  the  distance  of  any  point  of  the  magnet  from  the 
end,  while  y  is  the  intensity  of  free  magnetism  at  the 
point  x.1 

Let  us  now  apply  this  formula  first  to  a  set  of  observa- 
tions taken  by  Coulomb,  and  secondly  to  a  set  made  in  the 
Owens  College  laboratory. 

I.  In  Coulomb's  experiment,  when 

x=l        y=W, 
a;=4-5      y=   9, 

and  the  length  of  the  magnet  being  27,  it  followed  that 

90=A(/i-/t26)   .       .'-."..       .    (i) 
g-A^4'5-^22'5)      ....    (2) 

By  trial  of  different  values  of  p  it  is  found  that  /*•  is  nearly 
equal  to  ^,  hence  /x26  and  /x22'5  may  be  neglected,  (1)  and 
(2)  then  become 

90=A/x, 
and  9  =  A/x45. 

1  From  Blot's  Traite  de  Physique  Experimental^  et  Afaihlmatique, 
vol.  iii. 
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From  this  we  obtain  ^  =  '5179  ;  also  A  =  173'76. 

Applying  these  values  of  /a,  and  A,  the  following  results 
were  obtained  by  Biot  from  Coulomb's  observations  : — 


Distance. 

Intensity  of  free  Magnetism. 

Difference. 
Calculated  -  observed. 

Calculated. 

Observed. 

0 

17376 

165 

+  876 

1 

90 

90 

o-o 

2 

46-62 

48 

-1-38 

3 

24-14 

23 

+  1-14 

4'5 

9-00 

9-00 

o-o 

6 

3-35 

6 

-2-65 

II.   (The  Owens  College  physical  laboratory.) 
For  earth  alone  2  =  1-1075 

?=  '815 


Distance. 

h 
(Mean  time  of 
Vibration.) 

1 

tf 

i        i 

*!«   ~    0 

(Observed) 

A(^-/*»-«) 

(Calculated) 

Difference. 
Calculated  - 
observed. 

sec. 

1 

0 

•29708 

11-331 

10-516 

17-99 

+  7-474 

1 

•27750 

12-986 

12-171 

16-82 

+  4-649 

2 

•26708 

14-019 

13-204 

15-73 

+  2-526 

3 

•25750 

15-0815 

14-266 

14705 

+  0-439 

4 

•26416 

14-331 

13-516 

13748 

+  0-232 

5 

•27041 

13-676 

12-861 

12-854 

-0-007 

6                -27562 

13-164 

12-349 

12-019 

-0-330 

7                '27375          13-344 

12-529 

11-238 

-1-291 

8                 -28791       1    12-064 

11-249 

10-507 

-0-742 

9                -29750       !    11-298 

10-483 

9-824 

-0-659 

10                -30500 

10-750 

9-935 

9-186           -0-749 

11                 -31562 

10-0385 

9-223 

8-588           -0-635 

12                 -32625 

9-395 

8-580 

8-030 

-0-450 

13                 -33375 

8-9775 

8-163 

7-508           -0-555 

14 

•35000 

8-163 

7-348 

7-020           -0-328 

15 

•37500 

7111 

6-296 

6-563 

+  0-267 

A  =  17'99,  fi  = 

•935,  Z  =  73  cm. 
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It  will  be  noticed  that  in  both  of  these  experiments 
there  is  a  considerable  difference  between  theory  and 
observation  near  the  end  of  the  magnet. 


LESSON  XIII. — The  Test-Nail  Method. 

23.  Exercise. — To  find  the  distribution  of  force  along  a 
short  bar  magnet. 

Apparatus. — A  spring  balance  in  one  of  its  modifications 
Fig.  21  shows  one  suited  for  the  purpose.  Here  ss'  is  a 
spiral  spring,  having  a  silk  cord  attached  to  its  upper  end. 
The  silk  passes  round  a  pulley  mounted  so  as  to  rotate 
stiffly  in  a  collar.  At  the  end  of  the  spiral  spring  is  a 
small  piece  of  soft  iron.  When  the  soft  iron  rests  upon  a 
magnet  the  force  of  attraction  is  measured  by  the  amount 
of  turning  that  must  be  given  to  the  milled  head  m  in 
order  to  detach  the  soft  iron.  This  is  indicated  by  means 
of  the  graduated  disc  d  and  the  fixed  index  i.  To  ensure 
that  the  pull  from  the  magnet  is  vertical  the  spiral  spring 
works  within  the  glass  guard  tube  g.  The  apparatus  is 
supported  from  an  arm  which  may  bo  raised  or  lowered  at 
pleasure. 

TJieory. — If  S  denotes  the  strength  of  the  magnet  at 
any  point,  then  the  magnetism  induced  in  the  soft  iron  will 
be  proportional  to  S,  or  equal,  let  us  say,  to  KS,  and 
hence  the  force  necessary  to  detach  the  magnet  must  be 
proportional  to  S2,  or 

F  =  constant  x  S2, 
ur  S  =  constant  \fF~, 

that  is  to  say,  the  strength  at  any  point  is  proportional  to 
the  square  root  of  the  force  required  to  detach  the  soft 
iron.  The  method  is  open  to  the  objection  that  the  amount 
of  magnetism  induced  depends  upon  the  coefficient  of  in- 
duced magnetism  which  may  not,  however,  be  strictly  con- 
stant, but  may  vary  to  some  extent  with  S.  Again,  the 
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presence  of  the  soft  iron  is  liable  to  cause  a  change  of 
distribution  of  magnetism  in  the  neighbourhood  where  it 
is  placed. 


Fig.  21. — SPRING  BALANCE 

Method. — Obtain  the  zero  point  of  the  balance  by  sub- 
stituting for  the  magnet  a  piece  of  wood  of  the  same  size, 
turning  the  milled  head  until  the  soft  iron  just  touches  the 
wood.  Now  place  the  magnet  in  position  and  ascertain 
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the  number  of  divisions  through  which  the  milled  head 
must  be  turned  until  the  soft  iron  leaves  the  magnet.  The 
milled  head  must  be  turned  slowly  without  any  jerks,  and 
a  number  of  observations  must  be  taken  at  each  place, 
especially  near  the  ends  of  the  magnet,  where  such  observa- 
tions are  most  likely  to  vary. 

Example. — Magnet  divided  into  174  equal  parts. 


Distance  from 
middle  of 
Magnet  =D. 

r 

F. 

VF- 

^¥. 
"IT 

13 

9 

3-0 

•23 

23 

21 

4-58 

•20 

33 

39-5 

6-28 

•19 

43 

70 

8-37 

•19 

53 

125 

11-18 

•21 

63 

183 

13-52 

•21 

73 

308 

17-55 

•24 

These  results  agree  only  approximately  with  Coulomb's 
conclusion  that  for  short  magnets,  that  is  to  say,  for  magnets 
whose  length  is  less  than  fifty  times  their  diameter,  the 
magnetic  strength  (between  the  end  and  the  centre)  is 
directly  proportional  to  the  distance  from  the  centre.  If 

this  had  been  quite  true  the  value  of  ^  should  have  been 
a  constant  quantity. 


CHAPTER  III. 

VOLTAIC  ELECTRICITY— FUNDAMENTAL   LAWS  AND 
MEASUREMENTS. 

24.  WE  shall  in  this  chapter,  by  a  series  of  elementary 
experiments,  introduce  the  student  to  the  subject  of  voltaic 
electricity,  and  describe  apparatus  of  simple  construction 
which  will  be  used  in  making  electrical  measurements. 


P 


LESSON  XIV. — Fundamental  Experiments. 

25.  Apparatus. — Two  pint  Bunsen's  cells  placed  in  a  box 
arranged  as  shown  in  plan  in  Fig.  22.  Each  cell  consists  of 
a  cylindrical  glazed  stoneware  jar  P,  about  10  cm.  in  dia- 
meter and  15  cm. 
high.  In  this  jar 
-C  there  is  placed  a 
cylinder  of  zinc  Zn, 
made  from  a  plate  of 
zinc  1 4  cm.  by  20  cm. 
that  has  been  heated 
and  then  bent  round 

Fig.  22.— PLAN  OF  TWO-CELL  BATTERY.  Until  its  edges  nearly 

meet.  Within  the  zinc  cylinder  there  is  placed  a  porous 
pot  p  14  cm.  high  and  5  cm.  in  diameter  made  of  un- 
glazed  earthenware.  This  porous  pot  contains  a  rod  of  pre- 
pared carbon  C  16 '5  cm.  in  height  and  3 '5  cm.  by  1'75  cm. 
in  cross-section.  The  zinc  and  carbon  have  attached  to 
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them  screw  clamps  a  and  b.  The  box  for  containing  the 
battery  is  covered  inside  with  pitch  in  order  to  prevent 
the  fumes  of  the  acid  from  acting  upon  the  wood,  and  is 
provided  with  four  binding  screws  numbered  1,  2,  3,  4, 
each  of  which  has  attached  to  it,  inside  the  box,  a  thick 
copper  wire  covered  with  gutta-percha  for  making  connec- 
tions with  the  clamps. 

The  following  additional  apparatus  and  materials 
should  be  at  the  disposal  of  the  student  :— 

Measuring  vessels.  Nitric  acid. 

Glass  funnel.  Mercury. 

Glass  tubing.  Caustic  soda. 

Stoneware  jug  with  a  spout.  File. 

No.  18  insulated  copper  wire.  Emery  paper. 

No.  20  cotton-covered  copper  wire.  Stiff  nail  brush. 

No.  30  pure  iron  wire.1  3  Carbon  rods,  6  to  12  in. 

No.  30  copper  wire.  long,  about  2  in.  thick. 

Sulphuric  acid.  India-rubber  finger  stalls. 

Fiiting  up  of  the  Battery. — This  must  be  done  in  a  draught 
cupboard  or  in  the  open  air  to  prevent  the  fumes  of  the 
acid  from  affecting  the  operator. 

Begin  by  removing  all  the  clamps  and  clean  the  connect- 
ing surfaces  and  screws  by  means  of  a  file  and  emery  paper. 

Proceed  next  to  the  making  of  mixtures  and  to  the 
amalgamation  of  the  zinc.  Into  one  of  the  earthenware 
battery  jars  put  a  solution  of  caustic  soda  and  water  (1  of 
soda  to  20  parts  of  water  by  weight),  and  into  the  other 
some  sulphuric  acid  diluted  with  water  (1  of  acid  to  12  of 
water  by  weight).  In  making  this  last  mixture  in  the  jug 
pour  the  water  first  into  the  jug,  then  gradually  pour  upon 
it  the  acid,  stirring  meanwhile  with  a  glass  rod.  If  the 
acid  be  put  in  first  and  the  water  be  added  to  it  sufficient 
heat  might  be  produced  by  the  chemical  union  to  crack 
the  jar.  Since  all  the  sulphuric  acid  of  commerce  contains 
lead  sulphate  which  is  precipitated  on  dilution  with  water, 
the  acid  mixture  will  appear  milky  when  first  made.  As 

1  This  should  be  kept  in  a  bottle  with  quicklime. 
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the  presence  of  lead  is  very  injurious  to  the  working  of  the 
battery  it  will  be  desirable  to  allow  the  mixture  to  settle  and 
then  decant  off  the  clear  liquid.  A  quantity  of  the  mixture 
should  thus  be  prepared  and  labelled  "  Battery  sulphuric  add" 

The  process  of  amalgamation  is  as  follows  : — 

Firstly.  Dip  the  zinc  into  the  solution  of  cauftic  soda  in 
order  to  remove  grease,  and  then  wash  it  under  a  water-tap. 

Secondly.  Place  the  zinc  in  the  dilute  sulphuric  acid 
until  effervescence  has  commenced,  then  lift  it  out  and  lay 
it  down  in  a  flat  dish. 

Thirdly.  Pour  mercury  that  is  free  from  lead  and  other 
injurious  metals  in  a  thin  stream  upon  the  inside  of  the 
cylinder,  and  also  on  the  outside.  Roll  the  cylinder  about 
until  nearly  the  whole  surface  of  the  zinc  has  a  bright 
appearance. 

Fourthly.  Replace  the  zinc  in  the  acid,  and  rub  the  sur- 
face with  a  stiff  brush  or  with  a  rag,  the  fingers  being  pro- 
tected in  the  operation  by  finger  stalls.  The  whole  of  the 
zinc  should  be  now  well  amalgamated.  Remove  it  from 
the  acid,  wash  it  well  with  water,  and  allow  it  to  drain. 

Lastly.  Collect  any  waste  mercury  and  place  it  in  a 
bottle  labelled  "  Amalgamation  mixture." 

Keep  also  the  soda  solution  in  a  bottle  appropriately 
labelled. 

The  process  of  amalgamation  tends  to  make  the  zinc 
brittle  and  rotten  if  too  much  mercury  be  used.  Napier 
(Electro-Metallurgy)  allows  1 J  ounce  of  mercury  for  every 
effective  square  foot  of  zinc  in  the  first  operation,  and  half 
that  weight  for  the  second  and  all  subsequent  operations. 
We  find  that  1  gramme  of  mercury  will  thoroughly  amalga- 
mate 100  square  cm.  of  zinc  surface.  Three  times  this 
quantity  of  mercury  may  be  used  in  the  actual  process,  of 
which  two-thirds  will  be  recovered  by  draining  off. 

Examination  and  Preparation  of  the  Porous  Pots. — The 
porous  pots  being  thoroughly  clean  and  dry,  subject  them 
to  the  following  test:  Pour  water  into  each  pot,  taking 
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care  not  to  wet  the  outside,  and  note  the  time  by  a  watch. 
Then  observe  when  first  an  indication  of  moisture  appears 
on  the  outside  surface  of  the  pot,  and  again  note  the  time. 
If  the  moisture  appears  immediately  the  pot  is  cracked, 
and  should  be  rejected.  A  good  pot,  if  made  of  red  clay, 
should  become  moist  all  over  in  about  two  minutes  ;  if  made 
of  white  clay,  in  about  double  the  time.1  For  low  resist- 
ance cells  the  red-clay  pots  axe  to  be  preferred,  but  they 
possess  the  serious  defect  of  being  liable  to  disintegration, 
a  fault  possessed  in  a  much  less  degree  by  the  white  pots. 

Melt  some  paraffin  wax,  and  plunge  the  open  end  of  the 
porous  pot  vertically  into  the  wax  until  this  has  soaked 
into  it  through  a  distance  of  about  a  quarter  of  an  inch  from 
the  open  end. 

This  will  prevent  the  acids  from  creeping  up  the  sides, 
and  will  likewise  prove  especially  useful  in  preventing  the 
sulphate  of  zinc  formed  when  the  battery  is  in  action  from 
becoming  concentrated  along  the  rim  of  the  jar,  and  there 
crystallising,  with  the  effect  of  disintegrating  the  porous 
material. 

It  is  an  excellent  plan  to  put  a  flat  india-rubber  band 
round  the  top  of  the  jar.  This  serves  to  protect  the 
paraffin  and  to  insulate  the  pot  from  the  clamp  at  the  top 
of  the  zinc,  besides  enabling  the  experimenter  to  handle  the 
pot  without  staining  his  fingers  with  nitric  acid. 

Charging  the  Battery. — Fix  the  clamps  upon  the  carbon 
and  the  zinc,  and  bring  the  parts  of  the  battery  together. 
Now  pour  strong  nitric  acid  through  a  funnel  into  the 
porous  pot  to  within  about  an  inch  of  the  top.  Next  fill 
up  the  outer  pot  with  battery  sulphuric  acid  to  a  level  about 
an  inch  higher  than  that  of  the  acid  in  the  inner  pot,  the 
reason  for  this  difference  of  level  being  that  the  action  of 
diffusion  tends  to  empty  the  outer  pot.  Connect  the  zinc 
of  one  cell  to  the  wire  attached  to  the  binding-screw  No.  1 , 

1  A  good  pot  should  have  a  minimum  leakage  of  15  per  cent  in 
twenty-four  hours,  according  to  the  French  standard. 
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its  carbon  to  that  of  No.  2,  the  zinc  of  the  other  cell  to 
that  of  No.  3,  and  its  carbon  to  the  remaining  screw. 

Finally,  tighten  all  the  clamps,  and  then  close  and  fasten 
the  box,  which  may  now  be  brought  into  the  laboratory. 

Necessary  Precautions  with  tJie  Battery. — The  student 
must  once  for  all  be  warned  that  nitric  acid  batteries  may 
be  the  source  of  considerable  danger  to  delicate  instruments. 
Hence  it  is  better  that  they  should  not  be  brought  into  the 
laboratory,  being  only  used  in  a  draught  cupboard  or 
placed  outside  a  window.  Since,  however,  this  arrangement 
is  not  always  convenient,  we  may  employ  a  tightly-fitting 
box,  such  as  we  have  described,  provided  this  box  be  not 
opened  in  the  laboratory.1  The  battery  should  be  placed 
under  the  experimenter's  table  or  bench  in  a  position 
where  it  is  not  liable  to  be  overturned. 

Use  of  Secondary  or  Storage  Batteries. — Primary  cells  that 
are  required  to  give  a  strong  current  are  now  being  largely 
replaced  by  secondary  cells.  These  must  be  periodically 
charged  by  means  of  a  current  from  a  dynamo.  If  such 
cells  be  used  by  the  student,  he  must  take  care  never  to 
short-circuit  them,  but  always  to  use  them  with  such  a 
resistance  in  circuit  as  will  prevent  the  current  not  being 
greater  than  that  advised  by  the  makers. 

Preliminary  Connections. — Connect  together  binding 
screws  Nos.  2  and  3  by  means  of  a  short  piece  of  wire,  and 
attach  main  or  leading  wires  to  Nos.  1  and  4.  For  this  pur- 
pose No.  1 8  gutta-percha-covered  copper  wire  will  be  found 
useful.  The  bared  brightened  ends  of  the  wire  are  to  be  put 
round  the  binding-screws,  or  better  still,  we  may  employ  a 
plate  of  copper  (Fig.  23)  provided  with  forked  ends.  This 
plan  gives  a  better  contact,  and  is  therefore  much  to  be 
preferred.  Fig.  24  exhibits  the  manner  in  which  the 

1  As  an  additional  precaution  it  is  sometimes  advisable  to  place  a 
wide-mouthed  bottle  containing  lumps  of  carbonate  of  ammonia  in  the 
box  with  the  battery,  which  will  serve  the  purpose  of  neutralising  the 
acid  fumes.  This,  however,  cannot  be  recommended  as  a  rule,  for  a 
basic  compound  of  copper  will  in  this  case  form  on  the  clamps,  tending 
to  destroy  their  good  contact. 
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battery  is  usually  connected.  Here  the  thin  vertical  lines 
represent  the  carbons,  the  short  thick  wires  the  zincs,  and 
the  battery  is  said  to  be  in  series.  In  the  diagram  there 
are  three  cells,  supposed  to  be  connected  together  by  wires 
going  from  the  carbon  of  one  cell  to  the  zinc  of  the  next, 
and  so  on.  The  end  of  the  wire  connected  with  the  outer 
zinc  is  called  the  negative  pole  (written  - ),  and  that  con- 
nected with  the  outer  carbon  is  called  the  positive  pole 
(written  +  ).  .  When  these  poles  are  connected  together 
there  will  be  a  flow  of  electricity  from  the  +  to  the  -  pole. 


Fig.  23.  Fig.  24. 

METHOD  OF  CONNECTION  WITH  BINDING  SCREWS.  SCHEME  OF  BATTERY. 

The  battery  now   described   should   be  used  for   the 
following  groups  of  experiments  : — 

Group  I. — (a)  Bring  the  free  ends  of  the  leading  wires 
together  and  then  separate  them ;  a  spark  will  be 
produced. 

(b)  Attach  a  file  to  one  leading  wire  and  rub  the  other 
pole  along  it ;  the  sparks  will  now  be  more  brilliant. 

(c)  Attach  a  small  piece  of  carbon  rod  to  each  leading 

wire,  bring  the  carbons  together  and  separate  them, 
when  a  bright  light  will  be  produced.  Observe 
that  the  carbon  rods  get  very  hot. 

(d)  Twist  a  piece  of  thin  iron  wire  round  one  pole  and 
then  touch  the  free  end  of  the  iron  wire  with  the 
other  terminal  of  the  battery  ;  it  will  be  found  that 
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several  inches  of  the  wire  may  thus  be  kept  at  a 
red  heat,  and  if  of  short  length  it  may  even  be  fused. 
(e)  Use  fine  copper  wire  of  the  same  diameter  instead 
of  the  iron,  and  notice  that  it  cannot  be  heated  to 
redness. 

Group  II. — Additional  Apparatus. — Pohl's  commutator 
or  instrument  for  changing  the  direction  of  the  current 
(Fig.  25) ;  a  magnet  suspended  from  a  stand ;  a  wire  one 


Fig.  25.— POHL'S  COMMUTATOR. 

The  cups  of  the  ebonite  base  are  in  connection  each  with  its  nearest  binding 
screw.  The  switch  hinged  at  A  and  B  is  moved  by  the  insulating  handle  S. 

When  the  terminals  of  the  battery  are  connected  at  E  and  F,  or  C  and  D,  then 
the  ends  of  the  main  circuit  are  placed  at  A  and  B,  and  vice  versa. 

In  the  position  shown,  if  a  current  entered  at  E  it  would  ascend  the  left  curved 
wire,  descend  the  lateral  wire  to  A,  pass  through  the  main  circuit  to  B,  ascend 
the  right  lateral  wire  and  descend  the  curved  wire  to  F.  When  the  switch  is 
pushed  back  the  current  will  traverse  the  horizontal  wires  and  be  reversed. 

metre  long  stretched  between  the  uprights  (Fig.  26)  and 
mounted  on  a  board.  With  the  aid  of  the  suspended 
magnet  set  the  wire  in  the  magnetic  meridian.  Connect 
the  ends  of  the  wire  with  the  commutator. 

Make  connections  such  as  are  exhibited  in  Fig.  26,  on 
which  the  commutator  is  denoted  by  the  cross.  Trace 
out  these  and  ascertain  the  position  of  the  commutator 
switch  that  corresponds  to  a  current  from  north  to  south 
along  the  wire.  Call  this  Position  I.,  and  that  which  gives 
a  current  in  the  opposite  direction  Position  II.  Now  break 
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the  current,  and  then  suspend  by  means  of  a  fibre  over  or 
under  the  wire  a  short  magnetic  needle.  The  fibre  should 
be  attached  to  a  stand  so  arranged  that  by  means  of  a  tele- 
scopic joint  or  otherwise  the  magnet  can  be  easily  raised 
or  lowered.  When  the  magnet  is  at  rest  turn  the  com- 
mutator into  Position  I.  and  note  the  direction  in  which 
the  magnet  is  deflected.  Then  turn  the  commutator  into 
Position  II.  and  again  note  the  direction  of  the  deflection 


Fig.  26.— EXPERIMENT  OF  AMPERE. 

which  is  produced.     Proceed  in  this  manner  to  verify  the 
following  table : — 


WIRE  HORIZONTAL. 


Position  of  Magnet. 


Above  wire     .      •  ,    -  . 
Below  wire     . 
Level  of  wire  east  side  . 
„  west  side 

Above  wire 
Below  wire     . 
Level  of  wire  east  side  . 
west  side 


Position  of  Commutator. 

I. 

North  end  deflected  to  west. 
„  east. 

South  end  dips. 
North  end    „ 

II. 

North  end  deflected  to  east. 
„  „  west. 

North  end  dips. 
South 


Position  of  Magnet. 


WIRE  VERTICAL. 

Position  of  Commutator. 

I.  Current  up  the  Wire. 
North  pole  against  the  wire  .        .        North  end  deflected  to  east. 
South  pole        ,,  „     .        .        South  end  ,, 

II.  Current  down  the  Wire. 

North  pole        „  „    .  North  end  deflected  to  west. 

South  pole        „  „    .  South  end  „ 
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Now  test  your  results  against  the  following  memoria  tech- 
nica.  Imagine  a  man  to  be  swimming  with  the  current, 
which  we  may  suppose  to  enter  at  his  feet  and  leave  at 
his  head,  his  face  being  turned  towards  the  needle.  Under 
these  circumstances  the  north-seeking  pole  of  the  needle  will 
be  deflected  towards  his  left  hand. 

GroupIIL — Apparatus. — Glass  tubing  J-inch  in  diameter, 
corks,  soft-iron  nails,  iron  filings.  Experiments. — (a.) 
Take  a  piece  of  the  glass  tubing  about  3J  inches 
long,  bore  |-inch  holes  in  two  corks  each  about  1J 
inch  in  diameter.  Into  these  holes  the  ends  of  the 
tubing  have  to  be  fitted  to  form  reels.1  Now  make 
a  small  hole  through  one  of  the  corks  near  the  inside 
edge,  and  inserting  through  it  the 
end  of  some  No.  20  cotton-covered 
wire,  proceed  to  wind  this  on  the 
tube  in  the  direction  opposite  to 
that  of  the  hands  of  a  watch, 
looking  at  the  reel  from  above. 
About  6  inches  of  the  wire  should 
be  passed  through  the  hole  before 
beginning  to  wind  (see  A,  Fig. 
2  7).  Continue  winding  until  four 
layers  of  wire  are  wrapped  round 
the  tube,  and  then  bring  the  other 
end  of  the  wire  through  a  second  hole  in  the  cork 
(B,  Fig.  27).  Connect  the  ends  of  the  wire  with 
the  battery.  The  helix  will  be  found  to  behave  as  a 
magnet,  and  its  polarity  must  be  examined  by  means 
of  the  magnetoscope.  Reverse  the  current  and  again 
examine  the  helix,  which  will  now  be  found  to 
have  its  polarity  reversed. 
(b)  Make  a  second  helix,  but  wound  in  a  direction  the 


£•---,-,-:: 
-.-.--•*--• 


Fig.  27. 
METHOD  OF  WINDING  HELIX. 


1  Turned  wood  reels  can  be  used  instead,  as  shown  in  the  figure  (see 
Appendix). 
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same  as  that  of  the  hands  of  a  watch,  and  then 
repeat  the  preceding  experiments.  The  direction  of 
magnetisation  or  polarity  of  this  second  helix  will 
be  found  to  be  the  opposite  of  that  of  the  first. 

(c)  Notice  that  soft  iron  wires  are  readily  drawn  into 
the  helices  when  the  current  is  passing.     Notice 
also  that  when  the  central  hollow  of  the  helix  is 
filled  up  with  such  wires  the  magnetic  power  is 
greatly  increased,  the  polarity  being  the  same  as 
that  of  the  helix  without  the  iron  wires.    See  also  if 
your  results  conform  with  the  following  rule  :  Look 
upon  the  helix  from  that  end  which  makes  the  posi- 
tive current  appear  to  circulate  in  the  direction  of  the 
hands  of  a  watch.   This  end  will  be  the  S.  pole  and  the 
other  the  N.  pole  of  the  helix.     Hence  if  the  helix 
could  be  swung  freely  it  would  point  magnetic  north 
and  south,  and  the  positive  current  would  at  the  N. 
pole  ascend  on  the  west  side  and  descend  on  the  east. 

(d)  Place  the  helix  conveying  the  current  vertical,  with 
a  piece  of  cardboard  across  its  end.     Scatter  filings 
over  it,  and  obtain  magnetic  curves  with  and  with- 
out a  soft-iron  core. 

Group  IV. — Dip  the  two  ends  of  the  battery  wires  into 
a  small  beaker  containing  dilute  sulphuric  acid,  and  leave 
them  there  several  minutes,  the  terminals  not  being  in  con- 
tact with  each  other.  It  will  be  noticed  that  one  terminal 
becomes  covered  with  bubbles,  which  collect  and  escape  to 
the  surface,  and  that  this  is  the  one  connected  with  the 
negative  pole.  The  other  terminal  meanwhile  becomes 
cleaner  and  brighter,  as  if  the  acid  were  dissolving  it. 
That  this  is  really  the  case  will  be  seen  by  the  liquid  be- 
coming blue,  owing  to  the  formation  of  copper  sulphate. 
If  the  action  be  continued  sufficiently  long  the  negative 
terminal  will  become  covered  with  a  brown  deposit,  which 
on  examination  will  prove  to  be  pure  copper. 
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The  general  explanation  of  these  appearances  is  as 
follows :  The  current  decomposes  the  liquid  in  which  the 
terminals  are  placed,  that  is  to  say,  it  decomposes  the 
molecule  of  water  associated  with  sulphuric  acid,  the  cop- 
per terminal  connected  with  the  positive  pole  taking  the 
oxygen  and  sulphur,  and  producing  sulphate  of  copper, 
while  at  the  negative  terminal  the  free  hydrogen,  which 
forms  the  remaining  portion  of  the  decomposed  molecule, 
is  allowed  to  escape. 

When,  however,  besides  free  acid  there  is  a  sensible 
quantity  of  sulphate  of  copper  dissolved  in  the  liquid,  the 
hydrogen  at  the  negative  pole,  while  yet  nascent,  that  is 
to  say,  while  in  the  act  of  assuming  the  gaseous  state,  in- 
stead of  doing  so,  seizes  upon  the  oxygen  of  the  sulphate 
of  copper  molecule,  thus  displacing  the  copper  which  is 
deposited  upon  the  negative  terminal. 

We  shall  see  afterwards  what  advantage  is  taken  of  this 
action  in  plating  operations. 

Group  V. — Proceed  now  to  fit  up  a  Volta- 
meter, or  instrument  for  decomposing  water 
and  collecting  the  products,  as  follows : — 

(a)  Cut  off  the  shank  of  a  4-inch  glass  funnel 

to  within  half  an  inch  from  the  top. 

(b)  Procure  a  piece  of  platinum  foil,  ABCD, 

of  the  size  represented  in  Fig.  28,  place 
it  upon  a  firebrick,  and  direct  the  blow- 
pipe flame  upon  it.  Whilst  the  plat- 
inum foil  is  at  a  bright  red  heat  lay 
Fis- 2S-  upon  one  end  of  it  a  short  piece  of 

platinum  wire,  EF,  and  then  by  means 
of  a  few  smart  taps  with  a  hammer  weld 
the  wire  to  the  foil.  Wind  the  end  F  of  the 
platinum  wire  round  one  end  of  a  piece  of  No.  20 
copper  wire  about  6  inches  long,  sprinkle  a  little 
resin  on  the  joint,  and  proceed  to  solder  it  by 
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means  of  a  small  soldering  iron  (see  Appendix). 
The  electrode  will  now  be  finished.  Next  make  a 
second  one  of  the  same  size. 

(c)  Fit  a  cork  into  the  end  of  the  funnel,  and,  piercing 
it  with  two  holes  by  means  of  a  knitting  needle, 
pass  the  copper  wires  through  these  so  that  the 
platinum  electrodes  may  be  inside  the  funnel. 
Well  warm  the  funnel  all  round,  melt  some 
paraffin  wax  and  pour  it  in  so  as  to  fix  the  elec- 
trodes in  position  and  cover  the  copper  wire.  The 
voltameter,  which  will  be  similar  to  that  exhibited 
in  Lesson  XLVL,  is  now  complete. 
(d)  Procure  two  test  tubes  of  exactly  the  same  size. 
Place  the  voltameter  on  a  retort  stand  and  pour 
into  it  some  dilute  sulphuric  acid  (say  1  part  of 
acid  to  50  of  water).  Fill  the  test  tubes  likewise 
with  dilute  acid  and  invert  them  over  the  plat- 
inum electrodes.  Finally  connect  the  terminals  to 
the  battery  by  means  of  clamp  screws  (see  Appen- 
dix). The  acidulated  water  will  now  begin  to  be 
decomposed,  and  the  student  will  note  the  follow- 
ing particulars : — 

(1)  Gases  are  evolved  from  both  electrodes. 

(2)  The  gas    in    the   tube   connected  with  the 

negative  electrode  accumulates  twice  as 
rapidly  as  that  connected  with  the  positive. 

(3)  The  gases  respond  to  the  tests  for  hydrogen 

and  oxygen,  the  relative  volumes  being 
those  in  which  these  gases  combine  to 
form  water. 

(4)  By  collecting  both  gases  in  one  tube  an  ex- 

plosive mixture  is  obtained. 

Here  again  we  have  evidence  of  the  decomposing  power 
of  the  electric  current,  and  the  student  will  observe  how 
peculiar  must  be  that  action  which  gives  us  all  the  hydro- 

VOL.  II.  F 
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gen  at  the  one  terminal  and  all  the  oxygen  at  the  other. 
We  may  perhaps  represent  to  ourselves  what  takes  place 
by  means  of  the  following  hypothesis,  due  to  Grotthiiss : 
First  of  all  we  may  regard  oxygen  as  an  electro-negative 
element  and  hydrogen  as  electro -positive.  Under  these 
circumstances  the  oxygen  ends  of  the  various  molecules 
will  all  point  to  the  positive  terminal,  to  which  they  will 
be  attracted,  while,  on  the  other  hand,  the  hydrogen  ends 
will  all  point  to  the  negative  terminal,  to  which  they  will 
be  attracted. 

Now  if  the  electric  condition  of  these  terminals  be 
strongly  enough  developed,  the  positive  terminal  will  at- 
tract the  oxygen  particle  next  it,  and  the  negative  ter- 
minal the  hydrogen  particles  next  it,  and  these  will  be 
given  off  at  the  respective  terminals.  This  is  the  first 
operation. 

The  next  will  be  a  change  of  partners.  The  hydrogen 
of  the  molecule  next  the  positive  electrode  having  lost  its 
partner,  will  attach  itself  to  the  oxygen  of  the  molecule  next 
but  one  to  the  electrode,  the  hydrogen  of  this  to  the  oxy- 
gen of  the  molecule  next  but  two,  and  so  on  until  the 
whole  line  are  once  more  properly  paired.  This  is  the 
second  operation. 

They  are  not,  however,  yet  facing  the  proper  electrodes, 
for  the  hydrogen  will  be  facing  the  positive  and  the  oxy- 
gen the  negative.  They  will  therefore  have  all  to  turn 
round  about  their  centres  through  180°.  This  is  the 
third  and  final  operation.  After  this  the  same  round  of 
operations  is  repeated. 

Discharging  the  Battery. — When  we  have  done  with  the 
battery  it  must  be  carried  to  the  draught  cupboard  and 
there  discharged.  Remove  the  clamps,  wash  and  dry  them. 
Pour  the  nitric  acid  into  a  bottle  labelled  "  Old  nitric  acid 
for  batteries  /'  this  maybe  used  again,  unless  it  be  of  a 
green  colour.  Thoroughly  wash  the  porous  pots  and  leave 
them  to  soak  in  water.  Notice  if  any  black  spots  appear 
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on  the  zincs,  and  if  so  reamalgamate  such  places ;  then 
wash  the  zincs  and  leave  them  likewise  to  soak  in  water. 
By  soaking  the  porous  pots  and  the  zincs  the  zinc  sulphate 
will  be  removed,  which  would  otherwise  tend  to  block  up 
the  pores  of  the  pots  and  thus  disintegrate  them,  and  would 
likewise  crystallise  on  the  surface  of  the  zincs.  The  sul- 
phuric acid  should  be  thrown  away,  for  it  is  sure  to  con- 
tain nitric  acid,  which  is  very  injurious  to  zinc. 

26.  The  process  of  chemical  decomposition  effected  by 
the  electric  current  is  called  electrolysis.  The  experi- 
ments of  Groups  IV.  and  V.  of  the  previous  lesson  are 
examples  of  electrolysis.  A  very  important  part  of  electro- 
lysis relates  to  the  deposition  of  metals,  hence  the  next 
lesson  will  be  devoted  to  the  typical  example  of  copper 
deposition. 


LESSON  XY. — The  Daniell's  Cell  and  Copper  Plating. 

27.  Apparatus. — A  Daniell's  cell  of  the  kind  exhibited 
in  Fig.  29,  which  forms  a  convenient  arrangement.  It 
consists  of  a  glazed  earthenware  pot  or  outer  vessel  P, 
which  is  13  cm.  high  by  9  cm.  in  diameter.  In  it  stands 
a  cylinder  of  zinc  Znf  provided  with  three  tags  or  tongues, 
«,  6,  c,  and  of  these  the  last  has  a  binding  screw  attached 
to  it.  These  tags  are  formed  by  cutting  away  portions  from 
the  original  sheet  of  zinc  that  has  been  employed  to  form 
the  cylinder.  The  height  of  the  cylinder  is  10  cm.,  and 
its  diameter  8  cm.,  so  that  when  placed  in  the  earthenware 
pot  the  zinc  is  supported  by  its  tags,  and  the  bottom  of  the 
zinc  is  more  than  2  cm.  from  the  bottom  of  the  pot. 
Within  the  zinc  cylinder  there  is  a  porous  pot^?,  13  cm.  high 
and  5  cm.  in  diameter,  and  this  contains  a  cylinder  of 
copper  Cu,  provided  with  a  single  tag,  to  which  a  binding 
screw  is  soldered.  The  porous  pot  has  its  mouth  coated 
with  paraffin  after  the  manner  already  described  (Art.  25). 
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A  small  flask  /,  containing  crystals  of  copper  sulphate  each 
about  the  size  of  a  small  nut,  is  placed  mouth  downwards 
in  the  copper  cylinder.  At  the  bottom  of  the  outer  pot 
a  few  pieces  of  scrap  zinc  are  placed. 

The  other  materials 
required  are  as  follows  : 
Crystals  of  zinc  sulphate 
and  of  copper  sulphate; 
some  telegraphic  bind- 
ing screws  (see  Appen- 
dix); india-rubber  cork, 
J-inch  diameter,  with 
two  holes ;  some  plates 
of  copper  '05  inch  thick; 
a  graduated  measure ; 
sulphuric  acid,  caustic 
soda,  nitric  acid ;  brass 
wire,  No.  28 ;  a  glass 
rod,  a  beaker,  a  Bun- 
sen's  burner,  and  sundry 
materials  for  making  solutions. 

Charging  the  Battery. — Place  a  saturated  solution  of 
sulphate  of  copper  in  the  porous  pot.  Into  the  flask  already 
mentioned  put  crystals  of  sulphate  of  copper  of  about  the 
.size  of  small  nuts,  and  fill  it  up  with  a  saturated  solution 
of  this  material,  then  invert  it,  and  let  it  stand  thus  in  the 
porous  pot.  The  flask  will  now  act  as  a  supply  reservoir  to 
keep  up  the  strength  of  the  copper  sulphate  solution.  Into 
the  outer  pot  pour  water  in  which  some  zinc  sulphate  has 
been  dissolved  (1  part  of  zinc  sulphate  by  weight  to  about 
20  parts  of  water).  The  battery  will  now  be  ready  for 
use.  Next  connect  the  zinc  and  the  copper  by  means  of 
a  short  wire  and  leave  the  cell  thus  for  some  time  with 
the  current  passing.  In  this  condition  it  is  said  to  be  short- 
circuited. 

Fitting    up    a    Plating    Bath. — Fig.    30    exhibits    the 
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requisite  arrangement.  Here  ab  is  an  india-rubber  cork, 
having  two  unconnected  holes,  an  upper  hole  at  the  right, 
and  a  lower  one  at  the  left.  Into  the  hole  at  b  there  is 
passed  the  shank  of  a  telegraphic  binding  screw,  which 
serves  to  support  a  copper  plate  A  by  means  of  the 
tag  d,  and  to  connect  it  with  the  wire  from  the  positive 
terminal  of  the  battery.  This 
large  plate  is  called  the  Anode. 
Into  the  hole  at  a  passes  the 
shank  of  a  double  binding  screw, 
formed  by  uniting  together  two 
ordinary  binding  screws.  This 
serves  to  support  the  plate  C, 
which  must  be  smaller  than  A, 
and  which  forms  the  main  cath- 
ode, as  well  as  a  small  Test 
Cathode  T,  and  these  are  to 
be  connected  with  the  negative 
terminal  of  the  battery.  The 
whole  arrangement  is  supported 
in  a  glass  battery  jar  by  means 
of  brass  wire,  as  shown  in  Fig. 
30.  This  jar  has  to  be  filled 
with  liquid,  whose  composition 
will  be  afterwards  described. 
We  may  here  mention  that  when  in  action  the  copper 
deposit  goes  from  the  anode  to  the  cathode,  and  hence 
the  propriety  of  these  names. 


Fig.  30. — PLATING  BATH. 


Fig.  31. — SCRATCH  BRUSH. 


Cleansing  the  Copper  Plates. — In  the  first  place  a  scratch 
bnish  (Fig.  31)  should  be  made.     This  can  be  readily  done 
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by  driving  into  a  board  two  long  nails  about  6  inches 
apart,  and  then  winding  fine  brass  wire  con- 
tinuously from  the  one  nail  to  the  other.  Then 
bind  the  strands  together  by  wire,  and  cut  off 
the  ends.  The  arrangement  may  now  be  thrust 
through  a  hole  in  a  cork,  in  order  that  it  may 
be  provided  with  a  handle,  and  we  shall  thus  have 
a  scratch-brush  with  two  ends.  Secondly,  make 
a  lifting  hook,  which  is  simply  a  rod  of  glass 
bent  into  the  shape  shown  in  Fig.  32,  and  pro- 
vided at  one  end  with  a  cork  handle.  Thirdly, 

Fig.  32.     prepare  the  following  cleansing  liquids,  and  label 

1=ESL0    them  as  under  :— 

No.  1.  Alkaline  Liquor  for  Cleansing  Copper. 
1  part  by  weight  of  caustic  soda. 
10  parts  by  weight  of  water. 

No.  2.  Sulphuric  Acid  Liquor  for  Cleansing  Copper. 
1  part  by  volume  of  sulphuric  acid. 
10  parts  by  volume  of  water. 

No.  3.  Dipping  Liquor  for  Cleansing  Copper. 
1  vol.  of  impure  nitric  acid  (residue  from  battery). 
1  vol.  of  water. 

No.  4.  Brightening  Liquor  for  Cleansing  Copper. 
100  vols.  of  strong  nitric  acid. 
1  vol.  of  strong  hydrochloric  acid. 

Enough  of  these  solutions  should  be  prepared  to  cover  the 
copper  plates  when  they  are  placed  therein.  No.  1  should 
be  contained  in  a  porcelain  evaporating  basin,  and  the  other 
solutions  should  be  in  glass  beakers.  Fourthly,  the  copper 
plates  may  now  be  cleansed  as  follows :  (a)  By  means  of 
the  scratch-brush  thoroughly  clean  both  sides  of  the  plates, 
going  over  the  surfaces  several  times  until  the  striae  run 
into  each  other ;  (b)  wash  each  plate  with  water  under  the 
tap,  rubbing  it  well  with  the  fingers  or  with  a  rag ;  (c) 
boil  the  plate  in  the  alkaline  liquor  No.  1.  This  will 
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cause  a  discoloration,  owing  to  the  formation  of  an  oxide. 
Remove  the  plate  by  means  of  the  lifter,  which  should  be 
used  throughout  the  subsequent  operations.  Wash  the 
plate  well  under  the  tap,  then  carry  it  to  liquor  No.  2,  in 
which  it  should  remain  sufficiently  long  to  enable  the  acid 
to  dissolve  the  dark -coloured  oxide.  Again  wash  it  with 
water,  and  then  place  it  in  liquor  No.  3  for  about  15 
seconds,  after  which  it  must  be  washed  and  placed  for  a 
few  seconds  in  No.  4,  and  then  quickly  washed  with  distilled 
water.  The  plate  should  be  now  very  bright  and  clean. 
If  it  is  not  so,  the  processes  must  be  repeated.  Let  the 
plate  now  be  preserved  in  a  dilute  solution  of  copper  sul- 
phate until  required  for  use. 

Deposition  of  the  Copper. — The  liquid  with  which  the 
depositing  bath  must  be  charged  is  obtained  by  dissolving 
100  grms.  of  copper  sulphate  in  500  cc.  of  water.  Let  it 
be  boiled  in  a  beaker  until  all  is  dissolved,  and  when  cold 
let  25  grms.  of  sulphuric  acid  be  added.  The  liquid  should 
be  bottled  and  labelled  "  Copper  depositing  liquid." 

Next  place  as  much  of  this  liquid  in  the  depositing 
bath  as  will  well  cover  the  plates,  and  then  connect  the  plates 
with  the  proper  battery  poles,  attaching  the  negative  ter- 
minal wire  to  the  cathode  or  smaller  plate,  and  the  wire 
from  the  positive  pole  to  the  anode  or  larger  plate.  Now, 
place  the  apparatus  in  a  place  where  it  will  not  be  disturbed 
and  cover  it  up  to  keep  out  dust  and  prevent  evaporation. 
The  liquid  should  be  stirred  occasionally.  The  progress  of 
the  deposition  may  be  ascertained  by  examination  of  the 
test  plate. 

In  the  course  of  a  couple  of  days  a  bright  copper  deposit 
will  be  obtained  on  the  cathode,  whilst  the  anode  will  be 
found  to  be  covered  with  a  dark  substance  resembling  mud.1 

1  This  substance  is  of  complicated  composition.  Besides  containing 
disintegrated  copper  it  may  contain  the  impurities  of  commercial 
copper,  such  as  tin,  antimony,  sulphur,  nickel,  silica,  selenium,  gold, 
cobalt,  iron,  and  lead. 
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When  a  sufficient  deposit  has  been  obtained,  remove  the 
cathode,  wash  it  well,  and  preserve  it  for  future  experi- 
ments.1 

28.  The  Galvanoscope. — The  existence  of  an  electric  cur- 
rent may  be  proved  by  reference  to  its  (1)  heating,  (2) 
lighting,  (3)  chemical  and  (4)  magnetic  effects.     An  instru- 
ment arranged  for  the  exhibition  of  any  of  these  effects 
would,  properly  speaking,  be  a  current-indicator,  detector,  or 
Galvanoscope.     But  as  the  magnetic  effects  produced  by 
the  direct  action  of  a  current  on  a  freely  suspended  mag- 
net are  by  far  the  most  con- 
venient for  observation,  galvan- 
oscopes  are   almost   invariably 
based  upon  the  observation  of 
the    deflection   of  a   magnetic 
needle.     The  methods  of  con- 
struction of  galvanoscopes  are 
extremely  various.     They  may 
roughly  be  classified  into  Verti- 
cal Galvanoscopes  and  Horizontal 
Galvanoscopes.      Fig.  33  shows 
a  vertical  galvanoscope  of  the 
kind  largely  used  by  telegraphic 
Fig.  33.  engineers,  and  called  by  them 

THE  VERBAL  DETECTOR,          a  Detector.     The  instrument 
.  ,,  consists  of  a  vertical  coil  wound 

at  right  angles  to  the  plane  of  the  paper,  within  which  is 
a  pivoted  magnetic  needle.     The  needle  is  loaded  so  a 
o  rest  in  a  vertical  position.     Fastened  to  the  same  axis 
»   needle  is  a  pointer,   which  moves   over  a  circle 
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placed  between  the  pointer  and  coil,  graduated  into  degrees. 
When  a  current  passes,  this  needle,  with  its  pointer,  tends 
to  place  itself  in  a  horizontal  position. 

It  may  be  asked  how  far  an  instrument  such  as  a 
detector  may  be  used  as  a  current  measurer  or  Galvan- 
ometer. If  the  angle  of  deflection  of  the  needle  were 
strictly  proportional  to  the  current  passing  through  the 
coil,  then  the  instrument  would  be  of  great  value  in  com- 
parative measurements.  But  this  is  by  no  means  the 
case,  nor  can  the  indications  be  valued  by  the  help  of 
any  simple  rule.  In  order,  therefore,  to  render  the  instru- 
ment of  service,  it  must  be  submitted  to  the  process  of 
Calibration.  We  shall  later  on  describe  the  necessary 
process,  and  meanwhile  confine  ourselves  to  the  assumption 
that  the  greater  the  deflection  the  greater  must  be  the 
current  circulating  in  the  coils.  This  assumption  will  be 
made  in  the  next  lesson,  which  deals  with  some  further 
fundamental  experiments  made  with  a  horizontal  gal- 
vanoscope. 

LESSON  XVI. — The  Galvanoscope. 

29.  Apparatus. — A  simple  galvanoscope,  or  the  following 
materials  for  fitting  one  up,  will  be  required :  A  tooth- 
powder  box  about  3  inches  in  diameter,  four  binding 
screws,  No.  28  silk  or  cotton-covered  wire,  6  inches  of 
J-inch  copper  strip,  wood  for  making  a  simple  reel,  namely, 
a  strip  9  inches  by  J  inch  by  ^  inch,  a  magnetic  needle  2 
inches  long  provided  with  an  agate  cap,  a  sewing  needle 
for  pivot,  galvanometer  card  or  card-board  for  making  it,  a 
piece  of  common  window  glass,  thin  board  (J  inch  thick) 
on  which  to  mount  the  card. 

Mating,  Winding,  and  Fitting  the  Reel. — Divide  the  strip 
of  wood  into  three  equal  oblong  pieces,  and  fit  them  to- 
gether in  order  to  form  a  reel.  Trim  the  ends  so  as  to  make 
the  reel  fit  somewhat  tightly  into  the  box.  Make  a  small 
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hole  at  one  end  of  the  reel  and  pass  througn  it  3  inches  of 
wire.  Then  wind  continuously  until  the  reel  is  nearly 
filled  with  wire.  Finally,  pass  the  other  end  of  the  wire 
through  a  second  hole  in  the  reel,  then  fit  the  reel  into  the 
box.  Pass  the  ends  of  the  wire  through  holes  in  the  lower 
part  of  the  box,  and  connect  them  with  binding  screws 
screwed  into  the  box.  The  bright  ends  of  the  wire  may 
be  put  round  the  ends  of  the  binding  screws,  and  then 
firmly  held  in  their  place  by  screwing  the  binding  screws 
well  into  the  wood.  It  is  better  still  to  make  a  soldered 
contact,  but  if  the  binding  screws  are  firm  this  will  not  be 
necessary. 

Mounting  the  Card. — Gum  or  glue  upon  a  thin  board  a 
card  graduated  into  degrees.  Cut  the  board  into  a  circular 
shape  so  as  just  to  fit  inside  the  box.  At  its  centre  fix 
the  point  of  a  needle  so  as  to  project  upwards  above  the 
board  for  about  quarter  of  an  inch  or  less.  Upon  this  point 
the  agate  cap  of  the  magnetic  needle  is  supposed  to  rest. 

Fitting  the  Lid. — Mark  off  a  circle  2  inches  in  diameter 
on  the  lid  by  means  of  compasses,  and  then  cut  out  a  hole 
having  the  circle  marked  as  its  boundary.  Take  off  the 
rough  edges  by  means  of  a  file  and  sand-paper. 

Next  place  the  board  which  has  the  scale  attached  to  it 
on  a  sheet  of  glass,  and  cut  the  glass  round  its  edge  by 
means  of  a  diamond  or  substitute  for  a  diamond.  Snip 
off  the  glass  with  pincers ;  the  glass  ought  now  just  to 
fit  inside  the  lid. 

Putting  the  Pieces  together. — In  the  first  place  adjust  the 
card  in  the  box  so  that  the  zero  line  of  the  graduation 
shall  lie  along  the  direction  of  the  strands  of  the  wire. 
Put  the  needle  on  its  pivot,  and  cover  the  whole  with  the 
box-lid.  The  instrument  is  now  complete.  Before  being 
used  it  must  be  placed  in  such  a  position  that  the  needle 
points  to  zero,  in  other  words,  the  strands  of  the  wire  as 
well  as  the  needle  must  lie  in  the  magnetic  meridian.  G. 
of  Fig.  34  shows  the  completed  galvanoscope. 
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Use  of  Capper  Strip. — Where  strong  currents  have  to  be 
observed,  it  will  be  necessary  to  make  use  of  a  copper  strip, 
through  which,  and  not  through  the  wire  of  the  galvan- 
oscope,  the  current  must 
be  passed.  In  this  case 
the  galvanoscope  as  above 
described,  being  properly 
pointed,  ought  to  be 
placed  on  the  wooden 
block  to  which  the  copper 
strip  is  fastened.  In  the 
arrangement  sketched  in 
Fig.  34  the  strip  of  copper 
is  bent  so  as  to  form  the 
three  sides  of  a  square.  It 

is  pivoted    to   the  wooden          GALVANOSCOP/WIT^COPPER  STRAP. 

block  so  as  to  move  stiffly. 

This  is  done  by  screwing  the  binding  screws  through 
holes  in  the  copper  into  the  wood.  According  to  the 
strength  of  the  current  the  copper  strip  must  be  turned 
round  its  bearings  into  a  plane  more  or  less  oblique  to 
that  of  the  block,  this  obliquity  being  greatest  when 
the  current  is  strongest,  and  least  when  the  current  is 
weakest.  Or  we  may,  by  means  of  a  sliding  arrange- 
ment, place  the  galvanoscope  at  a  greater  or  less  dis- 
tance from  the  copper  strip.  In  Fig.  35  the  copper  strap 
is  mounted  on  a  wooden  hoop,  and  the  galvanoscope  is 
mounted  so  as  to  slide  on  a  graduated  platform.  By 
either  of  these  arrangements,  or  by  a  union  of  both,  we 
can  bring  the  most  powerful  currents  within  the  range  of 
the  scale  of  the  galvanoscope.1 

Fitting  up  the  Apparatus. — The  copper   strip  must  be 

1  The  former  of  these  arrangements  exhibits  the  principle  of  Obach's 
galvanometer,  the  latter  the  principle  of  Thomson's  current  meter, 
instruments  which  are  employed  in  measuring  currents  of  different 
strengths. 
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connected  with  the  battery  by  means  of  the  appropriate 
binding  screws.  When  in  action  the  copper  strip  must 
lie  in  the  plane  of  the  magnetic  meridian.  The  arrange- 


Fig.  35.— SLIDING  METHOD  OF  CHANGING  SENSIBILITY. 

ment  may,  if  necessary,  be  firmly  fixed  to  the  table  by  a 
wooden  clamp.  The  battery  and  commutator  must  be  east 
or  west  of  the  galvanoscope  (see  Fig.  36),  and  the  lead- 
ing wires  should  remain  in  a  fixed  position  during  the 
performance  of  the  experiments.  Of  these  the  following 


Fig.  36. 


are  examples,  which  were  all  made  by  means  of  the  copper 
strip : — 

Experiment  /. — One  cell  was  found  to  give  a  deflection 
of  48°,  whilst  two  cells  in  series  gave  a  deflection  of  49°, 
or  very  nearly  the  same  as  before. 
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Experiment  II. — The  two  zinc  terminals  were  connected 
together,  and  the  two  carbon  terminals  were  likewise  con- 
nected together,  so  as  to  form  one  large  cell  (see  Fig.  37). 
This  method  of  connection  is  known  as  that  of  multiple 
arc  (where  many  cells  have  to  be  arranged  in  this  manner, 


Pig.  38.— CELLS  m  MULTIPLE  ARC. 


Fig.  37.— Two  CELLS 
IN  MULTIPLE  ARC. 


it  is  best  to  place  them  as  shown  in  Fig.  38).  It  was  found 
that  the  two  cells  in  multiple  arc  gave  a  deflection  of  62°. 

Experiment  III. — A  piece  of  carbon  rod,  8  inches  long, 
placed  in  the  circuit  reduced  the  strength,  so  that  one 
cell  now  gave  only  16°,  while  two  cells  in  series  gave 
28°,  thereby  showing  that,  when  there  is  a  resistance 
external  to  the  battery,  the  current  is  increased  by  adding 
to  the  number  of  the  cells. 

Experiment  IV. — It  was  shown  that  the  greater  the 
length  of  carbon  rod  in  circuit,  the  less  was  the  de- 
flection. 

Experiment  V. — Two  carbon  rods  of  the  same  length 
placed  alongside  each  other  gave  a  greater  deflection  than 
one  rod  alone. 

Experiment  VI. — A  piece  of  iron  wire  was  coiled  in  a 
spiral  and  placed  in  the  circuit.  The  deflection  was  noted, 
and  then  the  iron  was  heated  by  means  of  a  spirit  lamp. 
Thereupon  the  deflection  became  less,  but  when  the  wire 
was  allowed  to  cool  the  needle  returned  to  its  previous 
position. 

30.   Tlieory  of  the  Battery. — It  may  here  be  desirable  to 
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give  a  short  account  of  the  principles  of  action  of  the  vol- 
taic battery,  premising  that  in  all  probability  these  are  not 
yet  fully  understood,  so  that  any  statement  we  make  must 
only  be  regarded  as  a  working  hypothesis.  If  a  zinc  rod 
or  wire  be  soldered  or  closely  united  to  a  similar  copper 
rod  or  wire.,  an  electric  separation  is  produced  at  and  over 
the  joining  surfaces,  in  virtue  of  which 
the  zinc  becomes  positively  and  the 
copper  negatively  electrified.  This 
\Cu  electrical  difference  is  not,  however, 
great,  and  its  existence  can  only  be 
experimentally  verified  by  means  of 
a  delicate  electrometer.  Imagine  now 
(Fig.  39)  a  circuit  of  the  following 
nature,  namely  a  thick  semicircular  zinc  rod  soldered  or 
•united  at  two  junctions  to  a  similar  copper  rod.  Shall 
we  have  a  current  from  this  arrangement  ?  Unquestionably 
not.  At  the  upper  junction  there  is  no  doubt  a  source  of 
electric  irritation,  in  virtue  of  which  positive  electricity  is 
driven  to  the  zinc  or  left-hand  side,  and  negative  electricity 
to  the  copper  or  right-hand  side,  and  if  these  two  elec- 
tricities could  be  allowed  freely  to  unite  in  the  remainder 
of  the  circuit,  we  should  certainly  have  a  current  as  long  as 
the  electric  irritation  was  kept  up.  But  this  is  not  the 
case,  for  the  lower  junction  is  a  similar  source  of  electrical 
irritation,  and  will  prevent  the  union  of  the  two  elec- 
tricities, so  that  what  we  shall  finally  have  will  be,  not  a 
current,  but  a  distribution  of  statical  electricity,  in  virtue 
of  which  the  zinc  will  remain  positively  and  the  copper 
negatively  electrified.  Before  we  can  get  a  current  we 
must  be  able  to  retain  the  irritation  at  the  one  junction 
and  neutralise  it  at  the  other. 

It  is  this  which  is  accomplished  by  means  of  the  battery 
liquid.  Suppose  that  we  dispense  with  the  lower  junction 
and  allow  the  rods  to  swell  out  into  two  plates  or  ter- 
minals of  their  own  material,  which  are  to  be  immersed  in 
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a  vessel  containing  dilute  sulphuric  acid  (Fig.  40).  A  mole- 
cule of  this  dilute  acid  may  be  regarded  as  being  com- 
posed of  two  members  or  parts,  one  of  these  containing  the 
oxygen,  which  we  may  regard  as  negatively  electric,  and 
the  other  the  remainder  of  the  mole- 
cule, including  the  hydrogen,  which 
we  may  regard  as  positively  electric. 
The  first  effect  of  the  immersion  of 
the  electrodes  in  dilute  acid  may  be 
regarded  as  a  polarisation  or  point- 
ing of  these  liquid  molecules  after 
the  manner  which  we  have  previously 
described,  namely,  the  ends  containing 
oxygen  pointing  to  the  zinc,  and  the 

ends  containing  hydrogen  to  the  copper  terminal.  Now,  if 
the  positive  electricity  of  the  zinc  terminal  be  more  intense 
than  that  of  the  hydrogen  portion  of  the  dilute  acid  mole- 
cule, the  oxygen  portion  will  leave  this  hydrogen  portion 
and  will  unite  with  the  zinc,  which  will  thus  be  oxidised, 
and,  in  like  manner,  at  the  other  end  the  hydrogen  portion 
of  the  dilute  acid  molecule  will  go  to  the  copper  terminal, 
carrying  its  positive  electricity  with  it.  By  this  means 
negative  electricity  will  constantly  be  carried  to  the  zinc 
and  positive  electricity  to  the  copper  terminal,  so  that  the 
electric  difference  of  these  terminals  will  be  neutralised. 
Meanwhile  we  may  imagine  that  at  the  upper  junction,  the 
source  of  electric  irritation  continuing  to  exist,  a  constant 
supply  of  positive  electricity  is  carried  down  the  zinc  side 
and  a  similar  supply  of  negative  electricity  down  the 
copper  side,  both  of  which  are,  as  fast  as  they  descend, 
neutralised  after  the  manner  we  have  now  described.  But 
a  current  of  negative  electricity  flowing  down  the  right- 
hand  side  is  equivalent  to  a  current  of  positive  electricity 
flowing  up,  so  that,  taking  both  sides  together,  we  have 
virtually  a  current  of  positive  electricity  flowing  round  the 
circuit  in  a  direction  the  opposite  to  that  of  the  hands  of 
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a  watch,  and  passing  in  the  liquid  from  the  zinc  to  the 
copper. 

The  combination  of  the  zinc  with  the  oxygen,  and  the 
solution  of  the  oxide  in  the  liquid,  involves  of  course  the 
gradual  wasting  away  of  the  zinc,  which  may  be  said  to  be 
slowly  burned  in  a  liquid  manner.  This  burning  is  the 
source  of  energy  in  the  arrangement,  to  which  the  zinc 
serves  as  fuel,  while  the  peculiar  construction  of  the  circuit 
is  adapted  to  convert  this  energy  into  the  form  of  a  current 
of  electricity.  We  have  in  fact  to  look  for  the  mechanical 
equivalent  of  the  energy  displayed  to  the  burning  of  the  zinc, 
and  for  the  peculiar  form  which  this  energy  takes  to  the 
arrangement  of  the  circuit.  If  we  did  not  amalgamate  the 
zinc  there  would  probably  be  a  difference  in  hardness  and 
chemical  composition,  between  different  parts  of  the  same 
plate.  These  differences  would  give  rise  to  local  currents, 
so  that  the  energy  due  to  the  combustion  of  the  zinc 
would  be  partly  spent  on  these  local  currents,  to  the 
weakening  of  the  main  current  of  the  battery,  which  it 
is  our  object  to  strengthen  as  much  as  possible.  Thus 
amalgamation  of  the  zinc,  by  equalising  the  chemical  com- 
position all  over  the  plate,  prevents  the  formation  of  these 
local  currents,  so  that  the  whole  energy  of  the  combustion 
is  directed  towards  the  main  current.  But  it  will  be  asked, 
What  becomes  of  the  hydrogen  which  is  set  free  on  the 
copper  plate  ?  It  cannot,  of  course,  combine  with  the 
copper,  and  will  ultimately  no  doubt  form  bubbles  and 
escape  to  the  surface.  Meanwhile,  however,  it  may  envelop 
the  copper  terminal,  and,  by  means  of  the  tendency  to 
send  a  current  in  the  opposite  direction  or  Polarisation 
thus  produced,  act  detrimentally  upon  the  production  of 
the  current,  which  will  become  quickly  enfeebled  from 
this  cause. 

It  becomes  therefore  a  matter  of  importance  to  prevent 
this  deposition  of  hydrogen  and  consequent  polarisation, 
so  as  to  obtain  a  constant  current  from  our  battery.  This 
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is  done  in  Bunsen's  battery,  which  we  have  just  been  de- 
scribing. Here,  under  ordinary  circumstances,  while  the 
amalgamated  zinc  would  be  gradually  oxidised  by  the 
dilute  sulphuric  acid,  the  hydrogen  would  be  deposited  on 
the  carbon  plate,  which  plays  the  part  of  the  copper,  and 
thus  polarise  it;  but  this  deposition  is  prevented  by  im- 
mersing the  carbon  plate  in  strong  nitric  acid  enclosed  in 
a  porous  cell  By  this  means  the  nascent  hydrogen  is 
immediately  oxidised  by  the  oxygen  of  the  acid,  and  its 
deposition  upon  the  carbon  plate  is  effectually  prevented. 
The  nitric  acid  will  of  course,  owing  to  the  loss  of  oxygen, 
become  gradually  changed  in  its  composition,  and  useless 
for  the  purpose. 

31.  Electromotive  Force. — We  have  here  spoken  of  the 
electric  difference  which  is  continuously  kept  up  at  the 
junction  of  dissimilar  metals ;  this  may  be  termed  (for 
the  present  purpose)  the   Electromotive  Force  of  the 
arrangement,   and  is  generally  denoted  by  the  letter  E. 
This  electromotive  force  may  be  regarded  as  chiefly,  at  all 
events,  depending  upon  the  electro-chemical  difference  be- 
tween the  two  plates,  so  that  zinc  and  copper  would  give 
one  value  of  E,  zinc  and  carbon  a  second,  zinc  and  plati- 
num a  third,  and  so  on.     Suppose  we  confine  ourselves  to 
zinc  and  carbon,  then,  if  we  have  a  single  cell,  its  electro- 
motive force  will  be  E.     If,  however,  we  have  two  cells  in 
series,  that  is  to  say,  the  zinc  of  the  one  cell  being  con- 
nected with  the  carbon  of  the  next,  we  shall  have  a  total 
electromotive  force  equal  to  2E, — if  three  cells  in  series, 
3E,  and  so  on. 

32.  Ohm's  Law. — It  must  not,  however,  be  imagined 
that  if  two  circuits  have  the  same  electromotive  force  the 
current  will  necessarily  be  the  same  in  each.     This  leads 
us  to  discuss  the  law  which  regulates  the  rate  of  flow,  in- 
tensity, or  strength  of  the  current  produced,  known  as  Ohm's 
law,  because  it  was  discovered  by  Ohm,  a  German  physician. 
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In  order  to  explain  this  law,  imagine  that  we  have  a 
thick  cylindrical  metallic  rod  (Fig.  41),  of  which  the  upper 
cross-section  A  is  kept  at  an  electric  potential  or 
level  different  from  that  of  the  lower  cross-section  B. 
This  difference  of  electrical  level  we  shall  call  E, 
and  indeed,  it  is  merely  a  manner  of  expressing 
the  cause  of  electromotive  force.  In  consequence 
of  this  electrical  difference  between  the  top  and 
bottom  being  kept  up  at  these  places,  there  will  be 
a  continued  flow  of  electricity  from  the  top  to  the 
bottom,  the  strength  of  which  will  depend  amongst 
other  things  upon  the  value  of  E ;  double  E  and  you 
double  the  flow,  make  E  three  times  as  great  and  you  in- 
crease the  flow  in  the  same  proportion,  and  so  on.  Thus 
the  strength  of  the  current  or  C  is  proportional  to  the 
electromotive  force  or  E. 

In  the  next  place  the  flow  of  electricity  will  be  propor- 
tional to  the  cross- section  of  the  rod  at  A,  so  that  if  we 
double  the  cross-section  we  shall  double  the  flow.  The 
double  cross-section  virtually  makes  the  single  rod  into 
two  rods,  and  this  law  hardly  requires  further  explanation. 
The  next  point  is  that  if  we  double  the  length  of  the  rod 
we  halve  the  flow,  other  things  being  the  same — in  other 
words,  the  flow  is  inversely  proportional  to  the  length  of 
the  rod.  To  prove  this,  let  us  suppose  that  the  rod  in 
the  above  diagram  is  cut  by  an  imaginary  cross-section 
half-way  between  the  top  and  the  bottom.  The  electrical 
difference  between  this  section  and  the  bottom  will  only  be 
one  half  of  that  between  the  top  and  the  bottom,  or  it  will 
be  |,  and  yet,  since  we  have  not  altered  the  state  of  things, 
we  shall  have  the  same  current  C  as  before  in  the  lower 
half  of  the  rod.  In  other  words,  we  may  either  regard 
the  current  C  as  produced  by  an  electrical  difference  E 
between  the  top  and  bottom  of  the  rod,  or  by  an  electrical 
difference  equal  to  f  between  the  middle  and  bottom  of  the 
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rod.  Now  had  there  been  an  electric  difference  =  E  be- 
tween the  middle  and  the  bottom,  we  should  obviously 
have  had  a  double  current  —  in  other  words,  for  the  same 
electrical  difference  the  current  is  inversely  proportional  to 
the  length  of  the  rod. 

Finally,  the  amount  of  current  will  depend  upon  tlie 
nature  of  the  rod  —  if  it  be  of  copper  there  will  be  a  large 
flow  for  a  small  electrical  difference,  if  it  be  of  wood  the 
flow  will  be  much  smaller,  and  if  of  ebonite  there  will  be 
scarcely  any  flow  whatever. 

All  that  we  have  now  stated  is  conveniently  expressed 
by  Ohm's  law  and  the  other  laws  associated  with  it.  The 
following  is  a  statement  of  Ohm's  law  :  Let  C  represent  the 
strength  of  the  current  in  a  circuit,  E  the  electromotive 
force,  and  B,  the  resistance  this  current  experiences  from 
the  materials  of  the  circuit,  then 


To  define  the  resistance,  or  that  which  impedes  the  flow 
of  electricity,  we  must  bear  in  mind  what  we  have  already 
indicated  above  (1.)  that  the  conductivity  is  directly,  and 
hence  the  resistance  is  inversely,  proportional  to  the  cross- 
section  of  a  rod  or  wire;  (2.)  that  the  conductivity  is  in- 
versely, and  hence  the  resistance  is  directly,  proportional  to 
the  length  ;  (3.)  that  the  conductivity  depends  on  the  sub- 
stance of  which  the  rod  or  wire  is  composed,  each  substance 
having  its  own  specific  conductivity  ;  hence  the  resistance 
also  depends  on  a  specific  resistance,  which  will  vary  in- 
versely with  the  specific  conductivity  In  fine,  resistance 
may  be  regarded  as  the  reciprocal  of  conductivity,  so 
that  we  may  either  assert  that  the  current  is  jointly  and 
directly  proportional  to  the  electromotive  force  and  the 
conductivity  of  the  circuit,  or  directly  proportional  to 
the  electromotive  force  and  inversely  proportional  to  the 
resistance. 
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The  resistance  of  a  circuit  is  usually  divided  into  two 
part,s  —  the  internal  or  essential  resistance  of  the  batter}^ 
consisting  chiefly  of  that  of  the  liquid  into  which  the 
plates  are  immersed,  and  the  external  resistance,  which 
may  be  varied  according  to  circumstances.  The  laws  now 
given  apply  equally  to  the  internal  and  to  the  external 
resistance.  If  we  denote  the  former  by  E,  and  the  latter 
by  r,  then  Ohm's  law  will  stand  as  follows  :— 


We  may  now  apply  Ohm's  law  to  give  an  explanation 
of  the  experiments  of  pages  76  and  77. 

In  the  first  place,  for  one  cell,  without  any  external  re- 

•p 

sistance  except  the  copper  strip,  we  shall  have  C  =  ^,  while 
for  two  such  cells  in  series  we  shall  have  C  =  ||  '  =  |.  Thus 
both  theory  and  experiment  agree  in  demonstrating  that 
the  current  is  the  same  in  these  two  cases  —  as  a  matter 
of  fact  the  galvanoscope  indications  were  48°  and  49°. 

Again,  when  the  two  cells  are  connected  together  in 
multiple  arc,  we  have  virtually  one  large  cell  of  a  double 
cross-section.  Here  the  current  will  be,  since  the  resist- 
ance is  halved  owing  to  the  cross-section  being  doubled, 
0  =  -p-  =  R  •  Accordingly  we  ought  to  have  a  double 
current,  and,  as  a  matter  of  fact,  the  galvanoscope  indica- 
tions increased  from  48°  to  62°.  We  must  not,  however, 
in  the  meantime  attempt  to  use  these  numbers  to  give 
us  an  accurate  measurement  of  the  comparative  intensity 
of  the  current  in  the  two  cases  ;  this  will  come  afterwards, 
when  we  describe  the  galvanometer.  Suffice  it,  however, 
that  both  by  theory  and  experiment  the  current  is  much 
larger  when  we  have  the  two  cells  connected  in  multiple 
arc  than  when  we  have  a  single  cell  or  two  cells  in  series. 
Thirdly,  when  we  interpose  a  considerable  external  resist- 
ance, such  as  a  piece  of  carbon  rod,  not  only  is  the  current 
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greatly  reduced  in  strength  (from  48°  to  16°),  but  the  two 
cells  in  series  give  us  decidedly  more  than  a  single  cell, 
the  numbers  being  16°  for  a  single  cell,  and  28°  for  the  two 
cells  in  series.  This  follows  at  once  from  Ohm's  law,  which 
will  give  us  for  a  single  cell  under  these  circumstances 
G!  =  ^rr,  and  for  two  cells  C2  =  g^y  Now  if  r  is  consider- 
able, C9  will  be  decidedly  greater  than  Cl?  and  if  it  be  very 
great  compared  to  R,  C2  will  be  nearly  double  of  Cr 

Finally,  we  see  from  Experiment  IV.  that  a  rise  of 
temperature  increases  the  resistance  of  an  iron  wire,  and 
the  same  law  will  hold  for  other  metals. 

When  the  external  part  of  a  circuit  is  composed  of 
varying  resistances,  we  must  remember,  in  applying  Ohm's 
law  to  it,  that  the  same  quantity  of  electricity  passes  in 
one  second  through  every  cross-section  of  the  circuit.  For 
if  this  were  not  the  case,  more  positive  electricity  might  be 
carried  into  some  region  than  was  carried  out  of  it,  so  that 
positive  electricity  would  there  accumulate,  or  less  might  be 
carried  in  than  was  carried  out,  so  that  the  region  would 
become  more  and  more  negative.  But  both  of  these  sup- 
positions are  inadmissible,  inasmuch  as  when  a  current  is 
established  we  have  a  constant  state  of  things.  We  must 
therefore  suppose  that  the  quantity  of  electricity  passing 
any  cross-section  in  unit  of  time,  or,  in  other  words,  the 
current,  is  constant  throughout  the  circuit.  Now  under 
these  circumstances,  what  we  have  already  said  will  lead 
the  reader  to  infer  that  the  difference  of  potential  (which 
we  shall  take  to  be  the  cause  of  the  electromotive  force) 
between  any  two  points  in  a  circuit  must  so  dispose  itself  as 
to  be  proportional  to  the  resistance  between  these  points, 
so  that  the  greater  the  resistance  so  much  the  greater 
is  the  electromotive  force.  In  other  words,  we  have  in  the 
whole  circuit  a  given  electromotive  force  E  to  dispose  of, 
and  this  must  be  distributed  along  the  circuit,  so  that  the 
force  between  two  points  shall  always  be  proportional  to 
the  resistance  between  these  points. 
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33.   The  Units  of  Theory  and  Practice.  —  Ohm's  law  may 
be  written  in  three  ways  :  — 


(2) 
(3) 


If  in  (1)  E  =  I  and  E  =  1,  we  define 


Unit  current  as  the  current  in  a  circuit  with  unit  E.  M.  F.  and 
unit  resistance  .         .         .         .         .         .         .         .         .     (4) 


If  in  (2)  C  =  1  and  E  =  1,  then  we  define 

Unit  E.  M.  F.  as  the  E.  M.  F.  in  a  circuit  with  unit  current  and 
unit  resistance  .........     (5) 

If  in  (3)  E  -  1  and  C  =  1,  we  define 

Unit  resistance  as  the  resistance  in  a  circuit  with  unit  E.  M.  F. 
and  unit  current        ........     (6) 

Having  then  fixed  upon  independent  values  for  any 
two  of  the  units,  the  third  will  be  determined  by  one  of  the 
definitions  (4),  (5),  or  (6).  We  are  at  liberty  to  select 
any  units  we  please.  Thus,  for  instance,  the  unit  current 
might  be  that  produced  by  a  Daniell's  cell  of  a  certain 
construction  and  size  when  its  poles  were  connected  by  a 
specified  wire  ;  and  the  unit  of  resistance  might  be  that 
between  the  ends  of  a  cylinder  of  pure  silver  of  specified 
diameter  and  length.  But  every  one  is  now  agreed  that  it 
is  desirable  that  the  units  should  be  derived  from  the 
fundamental  units  of  length,  mass,  and  time  adopted  in  this 
work  (see  Vol.  I.  Appendix),  namely  the  centimetre,  the 
gramme,  and  the  second.  Accordingly  methods  have  been 
devised  of  defining  the  electrical  units  with  reference  to 
these  three  fundamental  units.  A  method  of  deriving 
these  units  will  be  given  in  Appendix  B,  and  tables  of  the 
various  systems  of  units  in  Appendix  C. 

The  units  so  obtained  are  of  very  inconvenient  mag- 
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nitude  for  practical  purposes,  and  hence  'practical  units 
have  been  chosen  by  taking  a  submultiple  of  the  unit  of 
current  and  multiples  of  the  units  of  E.  M.  F.  and  resist- 
ance. Thus  are  obtained  : — 

The  ampere  =  10"1  of  the  C.  G.  S.  unit  of  current. 
The  volt        =108       }}  n        E.  M.  F. 

The  ohm        =  109       ,,  ,,        resistance. 

The  units  which  we  are  here  discussing  are  called  Electro- 
magnetic Units,  to  distinguish  them  from  units  of  dif- 
ferent nature  called  Electrostatic  Units,  which  are  derived 
from  the  effects  of  electrostatic  repulsion  and  attraction. 

It  will  be  seen  from  the  numerical  values  above  given 
that  if  we  have  a  circuit  in  which  the  resistance  is  one 
ohm  and  the  E.  M.  F.  one  volt,  then  the  strength  of  the 
current  will  be  one  ampere ;  for  \^  =  10  ~*. 

Ohm. — A  Committee  of  the  British  Association  found 
that  the  resistance  of  the  ohm  is  represented  nearly 
by  the  resistance  of  a  column  of  pure  mercury  105  cm. 
long  and  1  sq.  mm.  in  section  at  0°  C.  They  caused 
coils  of  an  alloy  of  silver  and  platinum  to  be  issued  as 
standards.  Resistance  coils  based  on  these  standards  are 
called  B.  A.  ohms.  Recent  experiments  of  Lord  Rayleigh 
and  others  prove  beyond  doubt  that  the  B.  A.  ohm  is  more 
than  one  per  cent  too  small.  The  B.  A.  ohm  therefore 
can  only  really  be  regarded  as  an  empirical  unit,  just  as  is 
the  case  with  the  standard  metre.  An  attempt  is,  however, 
being  made  to  substitute  for  the  old  standards  new  ones  of 
correct  value.  These  are  called  True  Ohms,  sometimes 
Rayleigh  Ohms.  In  accordance  with  the  recommendations 
of  a  Congress  held  at  Paris  in  1884  a  legal  ohm  is  denned 
to  be  the  resistance  of  a  column  of  pure  mercury  about 
one  centimetre  longer  than  that  defining  the  B.  A.  ohm,  or 
106  cm.  More  exactly  the  relation  between  the  units  is 

1  Congress  ohm  =  1 '01 12  B.  A.  ohm. 
1  B.  A.  ohm       =    "9889  Congress  ohm. 
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In  Germany  the  Siemens  unit  or  S.  U.  is  largely  used. 
It  is  supposed  to  denote  the  resistance  of  a  column  of  pure 
mercury  1  sq.  mm.  in  section  and  1  metre  long  at  0°  C. 

1  S.  U.  unit  =  '9540  B.  A.  ohm. 

A  megohm  is  one  million  ohms.  A  microhm  is  one 
millionth  of  an  ohm. 

Volt.— 

1  Congress  volt=l'0112  B.  A.  volt. 

A  Daniell's  cell  has  approximately  an  E.  M.  F.  of  one 
volt. 

Ampere. — The  ampere  in  common  use  being  depend- 
ent on  the  ratio  of  the  volt  to  the  ohm,  is  left  unchanged, 
and  has  the  same  value  as  the  Congress  ampere. 

A  milliampere  is  one  thousandth  of  an  ampere. 

34.  The  Mirror  Galvanometer. — To  take  advantage  of 
Ohm's  law  for  electrical  measurement  the  student  must  be 
provided  with  a  galvanometer.  The  best  form  of  galvan- 
ometer will  be  one  in  which  currents  are  simply  proportional 
to  the  deflections.  This  is  the  case,  as  we  shall  immediately 
prove,  with  the  mirror  galvanometer,  an  instrument  of 
extreme  value  to  the  electrician. 

When  a  small  magnet  is  suspended  at  the  centre  of  a 
coil,  and  is  deflected  through  an  angle  a  by  a  current  C 
circulating  in  the  coil,  the  following  relation  may  be 
considered  to  be  true  : — 

C  =  Ktana     .         .         .         .         .     (1) 

where  K  is  a  constant.  This  will  be  formally  proved  in  a 
later  chapter.  Meanwhile  We  shall  assume  it  to  be  true 
for  the  case  of  our  mirror  galvanometer.  In  Vol.  I.  p. 
55  we  have  considered  the  measurement  of  small  angles 
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by  the  aid  of  a  mirror  and  a  beam  of  light,  and  it  was 
there  shown  that 

tan  2a  =  £     .         .         .         .         .     (2) 

where  n  is  the  number  of  millimetre  divisions  that  the 
reflection  traverses  on  the  scale,  and  L  is  the  distance  of 
the  scale  from  the  mirror  in  millimetres.  Now  for  small 
values  of  a  we  may  assume 

$tan2a  =  tana         .         .         .         .     (3) 
Hence  from  (1),  (2),  and  (3) 

C=— x  TI  =  constant  x  deflection     .         .         .     (4) 

or  the  current  varies  directly  as  the  observed  deflection.  For 
all  the  work  of  this  chapter  we  shall  consider  this  to  be 
true. 

In  the  following  lessons  it  will  be  necessary  for  the 
student  to  have  a  mirror  galvanometer  of  simple  construc- 
tion. The  student  may  easily  learn  how  to  put  together 
such  an  instrument,  and  it  is  desirable  that  this  should  be 
attempted  by  all  students. 


LESSON  XVII. — Construction  of  Mirror  Galvan- 
ometer. 

35.  Materials. — A  wooden  base  B  (Figs.  42  and  43) 
8  inches  in  diameter  and  1  inch  thick.  A  pillar  P,  3 
inches  in  diameter  and  4  inches  high,  bored  with  a  small 
hole  passing  along  its  axis,  A  reel  K,  3  inches  in  diameter 
and  1J  inch  thick,  with  flanges  of  half  an  inch  and  a 
central  hole  1J  inch  in  diameter,  with  a  small  recess  on 
one  face.  A  plug  to  fit  the  hole  of  the  reel.  The  reel 
with  plug  is  seen  in  the  two  upper  figures  of  Fig.  44.  The 
above  may  be  prepared  by  any  wood-turner.  A  round  piece 
of  glass  for  window,  to  fit  the  recess  in  the  reel.  Bobbins 


90 


PRACTICAL  PHYSICS. 


[en. 


of  No.  28  silk -covered,  and  No.  20  cotton -covered,  wire. 
Three  binding  screws  (No.  3  telegraph  binding  screws.)  A 
brass  rod  r  to  support  the  directing  magnet  M,  which  may 
be  of  crinoline  steel,  and  which  is  fixed  to  a  cork  C.  The 
cork  slides  up  or  down  the  rod.  The  magnetic  needle  for 


Fig.  42.— SIMPLE  MIRROR  GALVANOMETER. 

suspension  requires  to  be  attached  to  the  back  of  a  small 
mirror  of  microscopic  glass,  silvered.  It  has  aluminium 
foil  for  a  damper  and  a  cocoon  fibre  for  suspension.  The 
magnetic  needle  is  made  of  watch  spring. 

Scale,  Lamp,  and  Lens  (Fig.  45). — The  scale  requires  three 
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pieces  of  wood.  The  base  B — 1 6  inches  x  6  inches  x  1  inch 
thick  The  front  A — 1 6  inches  x  9  inches  x  1  inch  thick. 
The  shade  S — 1 6  inches  x  4  inches  x  J  inch  thick.  The 
front  has  a  f-inch  hole  h  7-J  inches  from  the  bottom.  A 
paper  scale  ab  16  inches  long  is  divided  into  millimetres. 
The  lamp  is  a  small  paraffin  lamp  P  that  may  be  hooked 
on  to  the  scale,  which  is  provided  with  two  staples  for  the 


Fig.  44. 
PARTS  OF  MIRROR  GALVANOMETER. 


Fig.  43. 
DIMENSIONS  OF  MIRROR  GALVANOMETER. 

purpose.  A  lens  of  5-inch  focus  is  fitted  on  a  cork  sup- 
ported by  a  bottle  L  laden  with  shot.  The  lens  is  used  for 
focusing  (see  Fig.  45). 

Construction  L — Winding  the  Red. — This  may  be  done 
by  hand,  but  it  is  far  more  expeditious  to  employ  the 
simple  machine  of  Fig.  46.  The  reel  R  is  slipped  upon 
the  somewhat  conical  axis,  where  it  is  wedged  firmly.  A 
few  turns  of  wire  are  then  wound  round  the  axis,  and  the 
wire  is  then  wound  regularly  on  the  reel  with  a  moderate 
tension  from  the  bobbin  B,  which  may  be  mounted  on  a 
metal  axis  supported  by  two  uprights  so  as  to  revolve. 
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The  winding  machine  and  bobbin  holder  should  be  clamped 
or  screwed  down  to  the  table.     First  wind  one  layer  of 


Fig.  45.— SCALE,  LAMP,  AND  LENS. 

No.  20  .wire,  then  give  it  a  coat  of  melted  paraffin  applied 


Fig.  46. — WINDING  THE  REE 


with  a  brush,  then  wind  a  second  and  third  layer,  applying 
paraffin  to   each.      Leave  about   12    inches    of   wire  for 
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making  connections ;  this  may  be  wound  round  the  axis. 
Secondly,  replace  on  the  winding  machine  the  bobbin  of 
No.  20  wire  by  the  bobbin  of  No.  28  silk-covered,  and 
wind  on  about  300  turns.  Paraffin  will  not  be  required 
>with  this  wire,  the  insulation  of  the  silk  being  sufficiently 
good  if  the  wire  be  not  roughly  handled.  Should  any  bare 
places  appear  they  should  be  covered  with  tissue  paper  that 
has  been  steeped  in  paraffin. 

The  free  ends  of  the  wires  should  be  dipped  in  paraffin, 
and  they  should  be  run  together  so  as  to  leave  the  reel  at 
the  same  place.  A  piece  of  ribbon  is  wound  round  the 
reel  to  keep  the  wire  in  its  place  and  as  a  protection  from 
dust. 

//. — Fit  together  the  woodwork,  screw  the  pillar  to 
the  base,  fasten  the  reel  on  the  top  of  the  pillar  by  brackets 
of  zinc  or  brass,  run  the  wires  down  through  the  hole  in  the 
pillar  and  through  that  in  the  base,  solder  the  end  of  the 
No.  20  wire,  and  the  beginning  of  the  No.  28  to  the  same 
binding  screw,  the  other  ends  going  to  separate  binding 
screws  placed  one  on  each  side  of  the  common  binding 
screw ;  thus  the  three  screws  will  serve  for  the  two  coils, 
and  by  using  the  extreme  screws,  the  two  coils  may  be 
used  in  conjunction.  It  is  best  to  first  solder  short  lengths 
of  wire  to  the  shanks  of  the  binding  screws  before  passing 
them  through  th.e  holes  in  the  base,  and  then  solder  the 
ends  of  these  wires  to  the  free  ends  of  the  coils,  for  it  is 
difficult  to  solder  the  latter  directly  to  the  short  shanks  of 
the  binding  screws.  The  base  may  either  be  supported 
by  levelling  screws  (three  window-fasteners  do  very  well) 
or  raised  until  it  is  horizontal  by  means  of  three  small 
wooden  feet. 

///. — The  next  thing  will  be  to  make  the  needle. 
Harden  and  magnetise  J  inch  of  watch  spring,  and  fix 
it  to  the  back  of  a  small  mirror  by  wax.  Gut  out  a 
piece  of  aluminium  foil  in  diamond  shape,  leaving  a  tug 
to  which  the  mirror  must  be  fixed.  The  completed  needle 
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is  seen  in  Fig.  44,  where  the  circular  glass  mirror,  the 
horizontal  magnet,  and  the  diamond -shaped  aluminium 
damper — all  these  being  in  the  same  plane — will  be  recog- 
nised. A  hole  must  be  pierced  in  the  end  of  the  tag  with 
a  small  needle  for  the  reception  of  the  suspending  fibre.  * 

IV. — Fix  a  small  piece  of  wire  to  the  inner  portion  ot 
the  plug  K  (Fig.  44),  and  suspend  the  needle  from  it  by 
means  of  a  single  fibre  of  cocoon  silk.  This  operation  is 
one  requiring  considerable  skill  and  care ;  it  does  not, 
however,  require  special  description. 

V. — Next  arrange  the  cork  with  the  directing  magnet 
on  the  rod.  Put  in  the  window  with  a  little  putty. 

VI. — Fasten  the  scale  together,  stretch  a  wire  across 
the  hole,  and  glue  the  paper  scale  upon  the  cross-piece. 

Setting  up  of  Galvanometer  and  Scale. — Place  the  instru- 
ment in  the  magnetic  meridian,  and  set  the  scale  about  2 
feet  away,  the  centre  of  the  scale  being  opposite  to  the 
mirror  and  parallel  to  it.  Raise  the  galvanometer  or  scale, 
and  bend  the  aluminium  support  of  the  needle  slightly,  if 
necessary,  until  the  reflection  from  the  mirror  falls  on  the 
scale.  Focus  by  means  of  the  lens  until  a  distinct  image 
of  the  wire  is  obtained  in  the  middle  of  the  image  of  the 
hole  upon  the  scale.  Bring  this  image  to  the  middle  of  the 
scale  by  turning  the  directing  magnet.  The  instrument 
will  now  be  ready  for  use. 

36.  Use  of  Box  of  Coils. — It  is  necessary  in  many 
experiments  to  have  the  means  of  varying  by  degrees  the 
amount  of  resistance  in  a  galvanic  circuit.  A  box  of 
coils  arranged  in  series  is  generally  used  for  this  purpose 
whenever  the  requisite  variation  is  capable  of  being  made 
by  steps,  none  of  which  are  less  than  a  unit  of  resistance. 
Fig.  47  exhibits  the  interior  of  such  a  box  of  coils  as  usually 
arranged,  so  as  to  serve  the  double  purpose  of  a  resistance 
box  and  a  Wheatstone's  bridge.  In  the  present  lesson  it 
is  only  required  for  the  former  purpose.  A  plan  of 
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the  arrangement  of  the  coils  is  seen  in  Fig.  48.  On  a 
block  of  ebonite  abed  there  are  mounted  a  good  many 
thick  brass  connecting  pieces  distributed  in  three  rows, 


Fig.  47.— INTERIOR  OF  Box  OF  COILS. 

somewhat  in  the  shape  of  the  letter  S.  The  parts  AB,  BC 
are  known  as  the  Proportional  Arms.  These  are  con- 
nected with  the  Rheostat  Arms  DEF  by  means  of  a 

6 


Fig.  48.— PLAN  OF  Box  OF  COILS. 


brass  piece  CD,  movable  at  pleasure  by  unscrewing  its 
clamp  screws  at  C  and  D.  At  A,  B,  C,  D,  E  and  F  are 
binding  screws.  Between  each  of  the  brass  pieces  there  is 
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a  space  into  which  a  well-fitting  brass  plug  or  stopper  may 
be  placed  so  as  to  make  perfect  metallic  contact  from  the 
one  piece  to  the  other.  The  plugs  may  be  inserted  or 
removed  at  pleasure,  being  provided  with  an  ebonite 
handle  for  the  purpose.  The  holes  and  plugs  are  all 
exactly  similar,  so  that  any  plug  would  fit  any  hole.  On 
the  inside  of  the  ebonite  lid  there  are  bobbins  for  holding 
the  wire.  Each  bobbin  consists  of  a  brass  tube  covered 
with  a  layer  of  paper.  It  is  provided  at  each  end  with 
an  ebonite  disc.  The  bobbin  is  kept  in  position  by  two 
screws  which  pass  through  the  lower  ebonite  disc.  These 
screws  are  each  in  connection  with  the  wire  of  the  bobbin 
below  and  with  the  corresponding  brass  segment  on  the 
upper  side  of  the  ebonite  lid ;  but  they  may  be  separated 
from  the  latter  if  necessary  by  unfastening  two  small 
screws.  Usually,  however,  the  screw  joints  at  these 
points  are  soldered  in  order  to  render  the  contact  more 
secure. 

The  wire  employed  for  these  resistances  is  of  German 
silver,1  selected  both  on  account  of  its  high  resistance  and 
the  small  variation  of  this  due  to  change  of  temperature. 
The  wire  is  covered  with  one  or  two  layers  of  white  silk. 
In  winding  the  wire  is  doubled  upon  itself,  and  then 
wound  so  doubled.  This  method  is  adopted  in  order  to 
avoid  self-induction,  and  also  to  avoid  any  electro-magnetic 
effect  which  might  vitiate  the  galvanometer  readings. 
These  are  terms  which  will  be  afterwards  explained.  For 
the  lower  resistances  thick  wires  are  employed,  in 
order  that  a  great  length  of  wire  may  be  obtained, 
and  thus  a  more  exact  adjustment  secured.  Further- 
more, the  lower  resistances  may  be  subjected  to  greater 
heat  than  the  higher  resistances.  The  actual  sizes  of  the 
wires  used  in  the  rheostat  arm  are  exhibited  in  the  follow- 
ing table  : — 

1  German  silver  is  an  alloy  of  50  to  60  parts  of  copper,  25  to  30 
parts  of  zinc,  and  15  to  20  parts  of  nickel. 
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TABLE  E. 

SERIES  OF  WIRES  SUITABLE  FOR  RESISTANCE  COILS. 


Diameter  of  Wire 

ulnns-  in  Inches. 

1  '05 

2  -05 
5  '04 

10  -031 

20  -031 

50  '022 


Diameter  of  Wire 

Ohms-  in  Inches. 

100  -020 

200  '013 

500         "013 

1000         '008 

2000         '008 

5000         -005 


The  resistances  of  the  various  proportional  arms  are  10, 
100,  1000,  the  sizes  of  wire  as  given  above  being  used  for 
these  resistances. 

The  student  will  understand  that  a  set  of  standard 
resistances  plays  in  the  measurements  of  resistance  the 
same  part  that  a  set  of  standard  masses  plays  in  the 
measurements  of  mass. 

37.  Care  and  Use  of  the  Box  of  Coils. — The  success  of 
some  of  the  subsequent  measurements  will  depend  largely 
upon  the  observance  of  the  following  precautions :  (1.)  The 
ebonite  should  be  free  from  dust,  etc.,  especially  in  the 
intervals  between  the  brass  pieces.  A  little  paraffin  oil 
should  be  rubbed  over  the  surface  when  it  is  cleaned.  (2.) 
The  plugs  should  be  bright  and  free  from  grease.  They  must 
be  made  so  as  to  fit  well  into  their  places,  and  they  should  be 
tightened  by  means  of  a  screw  motion.  Occasionally  they  may 
be  just  touched  with  the  finest  emery  paper,  but  this  should 
be  done  as  seldom  as  possible,  for  otherwise  the  plugs  may 
become  loose  in  their  holes.  (3.)  The  connecting  pieces 
and  the  surfaces  of  the  connecting  screws  should  be  bright 
and  clean,  and  the  screws  should  be  firmly  screwed  in  their 
places.  It  is  hardly  necessary  to  remind  the  student  that 
when  a  plug  is  inserted  into  its  hole  between  two  brass 
segments,  the  result  is  that  the  current  virtually  passes 
through  these  segments  and  through  the  plug,  which  present 
very  small  resistance,  and  not  sensibly  through  the  bobbin 

VOL.  II.  H 


PRACTICAL  PHYSICS. 


[CH. 


which  is  underneath.     When,  however,  the  plug  is  with- 
drawn, the  current  must  all  pass  through  the  bobbin. 

38.  Figure  of  Merit. — In  order  to  express  the  sensibility 
of  a  galvanometer  in  measurable  terms,  it  is  usual  to  deter- 
mine the  current  in  amperes  which  will  be  required  to 
produce  a  deflection  on  the  scale  of  one  division. 

The  current  required  is  called  the  Figure  of  Merit.  This 
current,  and  therefore  the  figure  of  merit,  will  depend 
upon  the  position  of  the  directing  magnet,  and  also  upon 
the  distance  of  the  scale  from  the  galvanometer.  It  is 
desirable  that  the  scale  should  be  kept  at  a  fixed  distance 
from  the  galvanometer,  so  that  it  is  the  position  of  the 
directing  magnet  that  will  have  to  be  raised  or  lowered  in 
order  to  obtain  the  required  sensibility. 


LESSON  XVIII. — Figure  of  Merit  of  Galvanometer. 

39.  Apparatus. — A  mirror  galvanometer  and  its  acces- 
sories, a  box  of  coils,  a  Daniell's  cell,  a  plug  key  (Fig.  49). 


Fig.  49.— PLUG  KEY. 


Fig.  50. 


Method. — For  the  purpose  of  this  lesson  it  will  be 
necessary  to  obtain  approximate  values  of  the  resistance  of 
the  battery  and  of  the  galvanometer. 

Resistance  of  the  Galvanometer. — Make  connections  as  in 
Fig.  50,  where  B  is  the  battery,  K  a  plug  key,  G  the 
galvanometer,  E,  the  box  of  coils,  and  S  a  shunt,  or  in  other 
words,  a  short  piece  of  wire  placed  so  as  to  short-circuit  the 
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battery  at  pleasure.  When  the  shunt  is  of  sufficiently  small 
resistance,  the  deflection  of  the  galvanometer  may  be  reduced 
to  a  readable  amount.  Furthermore,  the  combined  resistance 
of  the  battery  and  shunt  will  be  so  small,  that  in  comparison 
with  that  of  the  rest  of  the  circuit  it  may  be  neglected.  If 
now  resistance  be  introduced  into  the  lower  part  of  the 
circuit  by  taking  plugs  out  of  the  resistance  box  until  the 
original  deflection  is  halved,  we  shall  know  that  the  total 
resistance  has  been  doubled,  so  that  the  added  resistance 
must  be  equal  to  that  of  the  galvanometer.  For  it  will  be 
seen  at  once  that  the  great  body  of  the  current  will  go 
by  the  short-circuit,  and  that  this  will  not  be  appreciably 
affected  by  increasing  the  resistance  by  the  withdrawal 
of  plugs  from  the  box  of  coils.  Thus  the  difference 
of  electromotive  force  at  the  extremities  of  the  shunt 
wire  may  be  regarded  as  constant,  and  hence  the  current 
in  the  main  circuit  will  be  inversely  proportional  to  the 
resistance. 

Resistance  of  the  Battery. — To  determine  this  the  same 
principle  is  applied,  only  the  shunt  is  now  transferred  (Fig. 
51)  to  the  galvanometer.  Here  the  resistance  of  the  gal- 
vanometer being  very  great  compared  to  that  of  the  shunt, 
the  great  body  of  the  current  will  go  through  the  circuit 
and  shunt,  and  only  a  very  small  portion  of  it  through  the 
galvanometer.  The  intensity  of  the  current  will  therefore 
be  virtually  regulated  by  the  resistance  of  the  circuit  and 
shunt,  and  this  intensity  will  of  course  be  recorded  by  the 
galvanometer.  Thus  by  this  arrangement  the  galvanometer 
records  the  strength  of  the  current,  but  does  not  sensibly 
interfere  with  it.  Now  let  us  introduce,  by  means  of  the 
box  of  coils,  resistance  until  the  deflection  of  the  galvan- 
ometer is  halved ;  this  means  that  the  current  is  halved, 
and  that  the  resistance  of  the  whole  circuit  is  doubled. 
Hence  the  additional  resistance  introduced  must  be  equal 
to  that  of  the  battery,  as  the  joint  resistance  of  shunt  and 
galvanometer  is  negligible. 
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In  making  these  tests,  if  the  battery  should  vary,  the 
results  will  be  affected.  It  is  therefore  important  to  make 
the  tests  quickly,  and  the  battery  circuit  should  only 
remain  closed  while  the  tests  are  being  made.  More 
especially  is  this  true  when  the  battery  is  short-circuited, 
for  it  is  a  rule  that  the  smaller  the  resistance  of  the  circuit 
the  more  liable  is  the  battery  to  be  inconstant. 

Figure  of  Merit. — Make  connections  as  in  Fig.  52.  Em- 
ploy resistances  so  as  to  give  successively  deflections  of 
about  150,  100,  and  50  divisions. 


Fig.  51. 


Fig.  52. 


Divide  the  electromotive  power  of  the  battery  in  volts 
(a  Daniell's  cell  with  E.  M.  F.  =  TO 8  volt  approximately) 
by  the  total  resistance  in  ohms  of  the  circuit.  This  will 
give  the  current  in  amperes,  which,  when  divided  by  the 
deflection,  will  give  the  figure  of  merit  required. 

Example — Resistance  of  Galvanometer. — To  reduce  deflec- 
tion from  240  to  120  divisions,  9  ohms  were  required, 
which  is  the  resistance  of  the  galvanometer. 

Resistance  of  Battery. — To  reduce  from  220  to  110,  3 
ohms  were  required. 

Figure  of  Merit. — 

R  =  Total  Resistance.  D  =  Deflection. 


2962 
4342 
8652 


150 

100 

50 


1-08 
Figure  of  Merit  =  jy?r  • 

•00000243 
•00000248 
•00000249 


Mean  '00000247  amperes, 
or  2 '47  microamperes. 
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The  directing  magiiet  had  its  north  pole  to  north,  and 
was  placed  at  the  top  of  the  support. 

40.  Determination  of  E.  M.  F. — Unless  we  are  provided 
with  standards  of  E.  M.  F.,  it  will  be  difficult  to  determine 
the  E.  M.  F.  of  a  cell  in  volts.  No  official  standard  has  been 
yet  issued.  The  best  available  is  a  cell  of  Lanirier  Cldrk*s 
construction,  as  will  be  explained  in  a  later  chapter.  * 


LESSON  XIX.  —  Comparison  of  Electromotive  forces 
by  the  High  Resistance  Method. 

41.  Exercise.  —  To  compare  together  the  electromotive 
force  of  various  cells. 

Apparatus.  —  A  coil  of  high  resistance  —  at  least  5000 
ohms,  a  mirror  galvanometer  and  its  accessories. 

Method.  —  This  consists  simply  in  observing  the  deflec- 
tions produced  when  the  high  resistance  is  in  circuit. 

Theory  of  the  Method.  —  Let  Efbe  the  electromotive  force 
of  one  of  the  cells  (say  a  Daniell's  cell),  and  E2  that  of 
another  cell  (say  one  of  Bunsen's).  Also  let  Bj  and  B2  be 
the  respective  resistances  of  these  cells,  while  R  is  the 
resistance  of  the  external  circuit,  including  the  galvan- 
ometer. When  the  Daniell's  cell  is  in  circuit  we  shall 
have,  by  Ohm's  law, 


and  when  the  Bunsen's  cell  is  in  circuit  we  shall  have 

C  -     ^ 
~B^R' 

hence 

C':C-:B^B:B^R    -        •        •        •     (1) 

Now  if  R  be  very  great  compared  to  B,  or  B2,  this  propor- 
tion will  virtually  become  (since  Bt  +  R  is  sensibly  the  same 
08B.  +  B) 

Cx  :  C2  :  :  Et  :  E2  .....     (2) 
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In  other  words,  the  electromotive  forces  are  to  one  another 
in  the  same  proportion  as  the  currents,  that  is  to  say  in 
the  same  proportion  as  the  deflections  produced. 

The  higher  the  resistance  R  the  more  accurate  will  be 
this  method.  To  obtain  an  idea  of  the  error  produced  let 
up  knagkie  that  the  observed  deflections  are  100  and  200 
divisions.  %  This  will,  according  to  formula  (2),  also  be  the 
ratios  between^,  the  electromotive  forces.  But  if  the  re- 
sistance, 0f  ,  ik&  batteries  be  respectively  5  ohms  and  0'5 
ohm,  and  E  be  =  5000  ohms,  we  shall  have  by  formula  (1) 

:  :  60005°  :  looioo°  :  : 


or  almost  exactly  the  same  as  before. 

Example.—  Standard  cell(E.  M.  F.  =  1'46  volt)  gave  190 
divisions  of  deflection  through  20,000  ohms.  With  the 
same  resistance  the  results  with  other  cells  were 

Daniell.      148  divisions,  hence  E.   M.   F.=1>4®  *  148  =  T14  volts 

iyo 

Bichromate,  260         ,,  ,,  ,,          =  -     r  --  =  2  '00     ,, 


LESSON  XX. — Proof  of  Ohm's  Law. 

42.  Apparatus. — A  mirror  galvanometer ;  a  coil  of  No. 
40  German-silver  wire  at  least  5000  ohms  in  resistance ; 
two  small  plates  of  copper  having  binding  screws  soldered 
to  them,  and  fixed  to  a  board  so  that  their  inner  edges  are 
just  a  metre  apart ;  a  German-silver  wire  (No.  36)  which 
is  stretched  tight  along  the  board  and  soldered  to  the 
copper  plates;  a  key  or  commutator;  a  few  cells  of  a 
constant  battery  will  likewise  be  required. 

Method. — Make  connections  as  shown  in  Fig.  53,  in 
which  B  is  the  battery,  K  the  key,  G  the  galvanometer, 
R  the  high  resistance,  PQ  the  German-silver  wire.  The 
unconnected  end  of  the  wire  leading  from  the  high 
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resistance  should  be  filed  into  a  wedge  shape,  and  then 
thrust  through  a  cork,  which  is  intended  to  serve  as  a 
handle  and  prevent  the  temperature  of  the  observer's 
hand  from  affecting  the  wire.  Observations  are  made 
in  the  following  order:  place  the  free  end  at  different 
points  along  the  wire,  and  read  the  deflection  produced 
at  each  point;  reverse  the  poles  of  the  battery,  and 
then  repeat  the  observations  in  the  opposite  order.  The 
two  results  may  be  somewhat  different,  owing  to  possible 
variation  in  the  strength  of  the  current.  The  mean  should 
therefore  be  taken. 


± 


Fig.  53.— PROOF  OF  OHM'S  LAW. 

Now  if  the  differences  of  potential  or  electromotive  force 
along  the  wire  are, as  Ohm's  law  would  indicate,  proportional 
to  the  resistances,  that  is  to  say,  to  the  length  of  wire  between 
the  two  points  at  which  the  potential  is  taken  or  tapped,  it 
follows  that  the  number  expressing  this  resistance  should  have 
a  constant  ratio  to  that  expressing  the  difference  of  potential. 
But  the  difference  of  potential  will  be  expressed  by  the 
current  of  the  galvanometer  which  it  produces,  so  that 
ultimately  this  current  will  be  proportional  to  the  distance 
between  P  and  the  free  end  of  the  galvanometer  wire. 

That  this  proportion  holds  fairly  well  will  be  seen  from 
the  following  series  of  experiments.  But  before  exhibiting 
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this  series  we  would  remark  that  the  galvanometer  circuit 
is  to  be  here  regarded  as  one  which  taps  the  main  circuit 
above  the  wire  and  indicates  the  difference  in  potential  by 
means  of  the  deflection  .produced,  without  sensibly  inter- 
fering with  this  main  current. 
Example. — 


Reading  on  PQ. 

Deflection. 

(1) 

I. 

II. 

Mean  (2). 

(2) 

(i) 

10 

11 

12 

11-5 

1-150 

20 

24 

24 

24-0 

1-200 

30 

37 

35-5 

36-3 

1-210 

40 

48 

47'5 

47-8 

1-195 

50 

60 

59-5 

59-8 

1-196 

60 

70 

70-5 

70-3 

1-171 

70 

82 

82 

82-0 

1-171 

80 

94 

94 

94-0 

1-175 

90 

106 

106 

106-0 

1-178 

100 

118 

118 

118-0 

1-180 

The  results  of  this  lesson   may  best  be   represented 


Fig.  54. 

graphically.     Let  the  line  of  abscissae  or  horizontal  line 
represent  distances  on  the  wire,  and  the  line  of  ordinates 
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the  observed  potentials  at  these  points.  On  plotting  the 
observations  (see  Vol.  I.  p.  275)  we  obtain  a  nearly 
straight  line  (Fig.  54).  This  shows  at  once  that  the  fall 
of  potential  between  two  points  is  proportional  to  the 
resistance  between  these  points.  This  method  of  recording 
results  will  enable  the  student  to  understand  the  principle 
of  Wheatstone's  Bridge. 

43.  Wheatstone's  Bridge. — Suppose  that  OAC  and  O'A'C' 
(Fig.  55)  are  two  wires  whose  resistances  are  represented  by 


Fig.  55.  -THEORY  OF  WHEATSTONE'S  BRIDGE. 

their  lengths.  Let  their  ends  be  connected  by  thick  copper 
pieces,  OO'  and  CPC',  of  which  the  resistances  may  be 
neglected.  We  shall  suppose  that  a  battery  is  connected 
with  00'  and  CPC',  whereby  these  parts  are  kept  at  a 
constant  difference  of  potential,  represented  by  the  equal 
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lines  CD  and  C'D'  (the  potential  at  00'  being  supposed  for 
convenience  equal  to  zero).  The  fall  of  potential  along  the 
wires  will  be  given  by  OBD  and  O'B'D'.  Take  any  point  A 
in  OC  and  find  the  potential  at  this  point  by  erecting  an 
ordinate  AB.  Now  a  corresponding  point  A'  can  be  formed 
along  O'C',  such  that  the  potential  A'B'  at  this  point  shall 
be  equal  to  AB.  In  this  case  a  galvanometer  connecting 
A  and  A'  would  not  indicate  any  current,  since  these  points 
being  at  equal  potentials  no  current  would  pass  from  the  one 
to  the  other  through  the  galvanometer.  But  under  these 
circumstances  what  must  be  the  relation  between  the 
resistances  OA,  AC,  O'A',  A'C'  1  We  have 


OA    AB    A'B'    O'A' 


OA 


O'A 


hence 


OC  ~  CD  ~  C'D'  ~  O'C' '  °r  OA  +  AC     O'A'  +  A'C' ' 


AC ""  A'C' 

This  is   the   principle  of   Wheatstone's  Bridge,   which  is 
I 


usually   arranged   in   the  form  shown    in  Fig.   56,  where 
P,  Q,  K,  S  are  four  resistances.     If  these  be  in  the  ratio 
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Q  =  |,  then  the  galvanometer  will  not  be  affected.  When 
this  adjustment  is  made  any  one  of  the  four  resistances 
may  be  determined  if  the  other  three  are  known. 


LESSON  XXI.  —  The  Wheats-tone's  Bridge. 

44.  Apparatus.  —  A  mirror  galvanometer  with  its  acces- 
sories. A  slide  half-metre  Wheatstone's  bridge,  or  the  fol- 
lowing materials  for  its  manufacture  :  (1.)  Board  of  var- 
nished wood  2  feet  long,  4  inches  broad,  }  inch  thick.  (2.) 
Some  sheet  copper  TV  inch  thick.  (3.)  Seven  telegraphic 
binding  screws.  (4.)  Uncovered  German-silver  wire,  2  feet 
long,  No.  28  B.  W.  G.  (5.)  A  half-metre  boxwood  scale 
-J  inch  broad  and  ^  inch  thick.  This  should  be  divided 
along  one  edge  into  half  centimetres.  (6.)  Sixteen  J  inch 
brass  screws.  (7.)  Two  small  pieces  of  copper,  J  inch 
square,  ^  inch  thick. 

Method  of  Manufacture.  —  The  completed  bridge  is  shown 
in  Fig.  57.  At  CDE  and  FGH  are  L-shaped  pieces  of 


Fig.  57. — SIMPLE  WHEATSTONE  BRIDGE. 

sheet  copper,  each  provided  with  two  binding  screws.  AB 
is  a  straight  piece  of  copper  with  three  binding  screws. 
Between  E  and  H  is  the  boxwood  scale,  having  a  German- 
silver  wire  stretched  along  its  upper  surface  and  soldered 
to  the  copper  at  E  and  H.  In  making  the  bridge — 
(1.)  The  copper  strips  should  be  cut  out.  Fig.  58  shows 
their  shapes  and  dimensions.  They  will  require  to  be 
drilled  with  holes  just  large  enough  to  receive  the  shank 
of  a  binding  screw  at  the  places  marked  with  large 
circles ;  also  with  smaller  holes  at  the  places  shown,  in 
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order  to  receive  the  screws  for  fastening  the  coppers  to 
the  board.  (2.)  The  boxwood  scale  must  be  screwed  down 
in  the  position  shown  in  Fig.  57,  the  heads  of  the  screws 
being  screwed  below  the  surface 
of  the  scale.  (3.)  The  binding 
screws  must  be  soldered  to  the 
copper  straps.  This  operation  may 
be  performed  without  a  soldering 
Fig  58  J  iron,  the  strips  being  heated  in 

a   Bunsen's    flame.     Also    at  the 

shaded  portion  of  the  L-shaped  pieces  a  square  piece  of 
copper  must  be  soldered,  in  order  that  the  level  of  the 
copper  may  be  brought  up  to  the  level  of  the  scale.  (4.) 
Bore  holes  in  the  wood  to  admit  the  shanks  of  the  binding 
screws,  then  fasten  the  copper  strips  down  by  means  of 
the  screws.  (5.)  One  end  of  about  2  feet  of  the  German- 
silver  wire,  which  must  not  have  an  insulating  covering,1 
is  to  be  soldered  to  E,  then,  the  other  end  being  held  by 
an  assistant,  the  wire  must  be  stretched  straight  along 
the  scale  and  then  soldered  at  H.  The  soldering  should  be 
performed  by  means  of  a  small  iron,  and  care  should  be 
taken  that  the  wire  is  in  metallic  communication  with  the 
coppers  at  the  ends  of  the  scale. 

The  Bridge  Connections. — Fig.  59  shows  the  necessary 
arrangement  for  comparisons  of  resistance.  Here  the 
letters  correspond  with  those  of  Fig.  56,  which  should 
be  first  drawn  by  the  student,  in  order  to  help  him  in 
making  his  connections.  It  will  be  noticed  that  in  the 
arrangement  used  in  practice  R  and  S  are  varied  at  will 
by  sliding  the  battery  terminal  along  the  German -silver 
wire.  To  do  this  more  conveniently  the  battery  terminal 
is  thrust  through  a  cork  at  C,  and  the  end  of  the  wire 
is  filed  into  a  wedge-shaped  form.  A  portion  of  the  cork 
may  be  cut  away  if  necessary,  so  that  it  may  be  held 

1  To  remove  silk  from  a  wire  without  injury  to  the  wire,  it  should 
be  boiled  in  a  strong  solution  of  caustic  soda. 
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against  the  edge  of  the  base  board  as  it  is  moved  along. 
The  galvanometer  (G)  should  be  provided  with  a  simple 
shunt  (Sh)  for  lessening  its  sensibility  at  will. 


> .  n 

c; •••'«•••/;, vi  -  -jji> 


Fig.  59. — SCHEME  OF  BRIDGE  CONNECTIONS. 

Operations  with  the  Bridge. — (1.)  Measure  8  feet  (i.e. 
four  times  the  length  of  the  base  board)  of  No.  36  silk- 
covered  copper  wire.  Make  it  into  a  doubly  wound  spiral, 
and  connect  its  bared  ends  across  the  gap  P  of  the  bridge. 
Make  a  second  spiral  in  exactly  the  same  manner,  and 
connect  it  across  the  gap  Q.  Shunt  the  galvanometer,  and 
touch  the  end  F  of  the  bridge  with  the  free  battery 
terminal,  the  galvanometer  will  be  deflected,  say,  to  the 
right ;  now  touch  the  end  E  and  the  deflection  should  be 
to  the  left.  This  will  show  that  the  connections  are 
correct,  that  the  contacts  at  P  and  Q  are  good,  and  that 
neither  of  the  spirals  is  broken.  Find  roughly  the  position 
at  which  the  galvanometer  shows  no  deflection,  then  remove 
the  shunt  and  obtain  the  position  of  equilibrium  more 
accurately.  Call  the  position  of  equilibrium  a,  then,  since 
the  bridge  may  be  considered  to  be  divided  into  1000  parts, 
we  shall  have 

P          a 

Q     1000  -  a 


Example. — The  bridge  reading  is  499,  hence 


499 


1000-499 


499 

:5oi 
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or  P  is  very  nearly  equal  to  Q.     (2.)  Make  a  third  spiral 
of  8  feet  of  No.  36,  place  it  in  the  same  screw  holes  as 
the  spiral  at  P,  so  that  the  two  spirals  are  in  multiple  arc. 
Now  compare  the  two  resistances. 
Example.  — 

«  =  331  1000-«  =  669 

P331        1 


or  the  wires  in  multiple  arc  have  only  half  the  resistance 
of  the  single  wire.     (3.)  Place  the  two   spirals  at  P  in 
series  by  connecting  their  ends  by  small  clamps,  and  again 
compare  the  resistances. 
Example.  — 

a  =  668  1000-a  =  332 

P     668 


showing  that  the  effect  of  doubling  the  length  of  the  wire 
is  to  double  the  resistance.  (4.)  Take  8  feet  of  No.  28 
copper  wire  for  Q  and  balance  it  against  8  feet  of  No.  36 
for  P.  Find  the  average  diameter  of  both  wires  by  the 
micrometer-calliper  or  the  microscope  (the  latter  preferred). 
Example.  — 

«=819  1000-«  =  181 

P-819-4-52 
Q-181- 

Diameters—  No.  28=  '015  inch  ;  No.  36=  -Q07  inch. 
Square  of  diameter,  No.  28  _  '000225  _ 
Square"ordiameter,"No.  36  .    -000649  ~  ' 

from  which  we  see  that  the  resistance  varies  inversely  as 
the  square  of  the  diameter. 


LESSON  XXII. — Manufacture  of  a  One-Ohm  Coil. 
45.   Apparatus. — The  same   as  before,   with  the   addi- 
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tion  of  some  silk- covered  German -silver  wire,  No.  28 
B.  W.  G.;  materials  for  mounting  the  coil,  and  a  standard 
ohm. 

Metiwd. — Cut  off  one  metre  length  of  the  wire  and 
measure  its  resistance,  then  calculate  what  should  be  the 
length  to  give  one  ohm  resistance.  From  the  total  length 
cut  off  a  piece  rather  greater  than  the  calculated  length, 
and  proceed  to  mount  it  with  attached  terminals  for 
future  use.  The  methods  of  mounting  that  might  be 
adopted  are  very  various.  In  Fig.  60  we  have  one  of  the 


Fig.  60.— THE  ONE-OHM  COIL. 

simplest  of  these.  Here  ab  is  a  flat  piece  of  wood,  notched 
along  its  two  edges.  The  wire  is  wound  between  the 
notches,  and  the  ends  are  soldered  to  two  copper  strips  c 
and  c'.  Each  copper  strip  must  have  a  small  hole  h  through 
which  the  German-silver  wire  may  be  passed  before  it  is 
ultimately  soldered  to  the  copper ;  also  a  hole  for  a  screw  s 
for  securing  the  copper  to  the  wood,  and  a  notch  n  which  fits 
the  binding  screw  of  the  bridge.  RibboA  or  tape  is  wound 
outside  the  wire  for  protection,  its  ends  being  secured  by 
small  tacks.  The  wire  having  been  mounted  must  have 
its  resistance  tested ;  if  this  should  be  found  to  be  rather 
too  great  the  wire  should  be  unsoldered  at  one  end,  drawn 
through  the  small  hole  in  the  copper,  and  again  soldered. 
This  adjustment  must  be  repeated  if  necessary.  It  is  not, 
however,  desirable  to  spend  much  time  in  making  an  exact 
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adjustment,  but  when  this  is  sufficiently  good  the  resistance 
should  be  measured  as  exactly  as  possible,  and  its  value 
recorded  on  the  wood. 

Example.  —  One  metre  of  the  wire  gave  against  the 
standard  ohm  a  balance  on  the  bridge  at  52,  hence  its 
resistance  was  jooS^o  ~  1*083  ohm.  Hence  the  length  of 
1  ohm  in  millimetres  will  be  ^|p  =  923  millimetres.  A 
piece  925  mm.  was  cut  off  and  mounted,  as  described;  its 
resistance  was  found  rather  too  great.  On  reducing  the 
length  about  1  '5  mm.  it  was  found  to  be  almost  an  ohm. 


LESSON  XXIlA.  —  Calibration  of  Galvanoscope. 


Apparatus.—  That  of  Lessons  XVIIL,  XIX.,  and 
XXI.  ;  also  a  Bunsen's  or  a  Grove's  cell. 

Method.  —  (1.)  Charge  the  cell  and  compare  its  E.  M.  F. 
with  that  of  a  standard  cell  by  Lesson  XIX.  (2.)  Measure 
the  resistance  of  the  galvanoscope  by  Lesson  XXI.  (3.) 
Measure  the  internal  resistance  of  the  cell  by  Lesson 
XVIIL  (4.)  Connect  the  cell,  box  of  coils,  and  galvan- 
oscope in  series,  and  take  readings  of  the  latter  with  dif- 
ferent resistances  in  the  circuit.  (5.)  Calculate  the  current 
in  amperes  producing  the  different  deflections.  Draw  a 
table  up  for  use  with  the  instrument  ;  also  plot  a  curve 
showing  the  relation  between  the  currents  and  deflec- 
tions. 

Example.  —  A  vertical  galvanoscope  was  calibrated. 

E.  M.  F.  of  cell  =  1  -87  volt. 

Resistance  of  cell  =     '25  ohm,  nearly. 

Resistance  of  galvanoscope  =  9'7o  ohms. 

If  R  be  the  resistance  from  box  of  coils,  then  the  current 
C  in  amperes  will  be  C  =  R+.1258^.9.75>  from  which  was  cal- 
culated the  following  table  :  — 
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EL 

C. 

Deflection. 

0 

•187 

75 

1 

•170 

73 

3 

•144 

69 

5                    '125 

65 

10                    '0935 

58 

In                    "0748 

51 

20                    -0623 

45 

30                    '0467 

37 

50                    '0311 

25 

100                    '0170 

13 

200 

•0089 

7 

1 

The  curve  plotted  from  these  numbers  was  regular. 


VOL.  II. 


CHAPTER   IV. 
THE  MEASUREMENT  OF  RESISTANCE. 

46.  Definitions. — The  problem  of  measuring  resistance  con- 
sists practically  in  ascertaining  its  value  in  terms  of  the 
ohm  or  other  unit  between  any  two  points  of  a  material  at 
any  stated  temperature.  If  the  material  be  of  uniform 
section,  such  as  a  wire,  its  Specific  Resistance  or  the  re- 
sistance at  0°  C.  between  the  opposite  faces  of  a  cube  whose 
edge  is  of  unit  length  may  be  readily  found,  for  since  the 
resistance  R  is  directly  proportional  to  the  length  I,  and 
inversely  proportional  to  the  area  of  cross-section  a,  and 
otherwise  depends  only  on  a  constant  /o,  which  expresses 
the  specific  resistance,  we  must  have  : — 


or 

p=*T d) 

For  example,  if  the  resistance  of  3  metres  of  copper  wire 
of  No.  28  S.  W.  G.  be  '435  ohm  at  0°  C.,  and  if  the  cross- 
section  be  '00111  sq.  cm.,  we  have  in  C.  G.  S.  units  (see 
Appendix), 
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If  the  equation  giving  p  were  expressed  in  ohms  in- 
stead of  absolute  units,  the  value  would  be  1609 '5  x  10~9, 
an  extremely  small  value.  It  is  customary  to  express  it 
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instead  in  microhms  or  millionths  of  an  ohm.     The  value 
in  microhms  will  be 

1609  '5  xl(T9xl06  =  1-6095. 

The  specific  resistance  of  a  substance  may  be  defined 
with  reference  to  weight  in  the  following  terms  :  The 
specific  resistance  is  that  of  a  unit  length  of  the  substance 
formed  into  a  wire  of  such  a  thickness  that  it  is  of  unit 
weight.  The  value  so  obtained  would  differ  from  p.  This 
method  of  definition  has  the  advantage  that  the  weighing 
of  a  wire  is  a  more  accurate  and  less  troublesome  process 
than  the  determination  of  its  diameter,  which  in  any  case 
ought  to  be  determined  from  the  weight  The  information 
it  supplies  is  also  useful  in  selecting  a  material  whose  resist- 
ance for  unit  length  and  unit  weight  shall  be  a  minimum. 
Nevertheless  in  the  following  lessons  the  usual  definition 
of  specific  resistance  will  be  adopted. 

Instead  of  expressing  the  resistance  of  thick  wires  in 
terms  of  ohms,  Sir  Wm.  Thomson  prefers  to  express  the 
conductivity  in  terms  of  the  MHO  (ohm  written  backwards), 
which  he  defines  as  the  unit  of  conductivity,  being  the 
reciprocal  of  the  unit  of  resistance.  Thus  a  resistance  of  n 
ohms  would  have  a  conductivity  of  ^  mhos.  For  example,  a 
metre  of  No.  0,  S.  W.  G.  copper  wire,  with  a  resistance  of 
•000322  ohm,  would  have  a  conductivity  of  3107  mhos. 
This  device  thus  avoids  the  use  of  small  numbers  when 
low  resistances  are  being  measured. 

Frequently  a  certain  substance  is  selected  as  a  standard 
one,  and  the  resistances  or  conductivities  of  other  materials 
are  expressed  in  terms  of  this  standard.  The  ratio  is 
known  as  the  Relative  Resistance,  or  Relative  Con- 
ductivity. The  standard  substance  is  usually  silver  or 
mercury  in  the  state  of  purity,  the  latter  being  much 
preferable,  since  different  specimens  of  pure  silver  may 
vary  considerably. 

The  following  table  gives  the  specific  and  relative  con- 
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ductivities   of  a  number  of   commonly  occurring   metals 
and  alloys : — 

TABLE  F. 

SPECIFIC  AND  RELATIVE  CONDUCTIVITY  OF  METALS  AND  ALLOYS 
AT  0°  C. 


Resistance  in  Micr- 
ohms between 
opposite  faces 
of  centimetre 
cube. 

Resistance  in 
Ohms  of  wire 
1  metre  long 
and  weighing 
1  gramme. 

Approximate 
Relative 
Conductivity, 
Mercury  unity. 
Mean  values. 

Silver,  annealed 

1-521    ' 

•1544 

63 

Copper         ,, 
Gold             „     .         . 

1-616 
2-081 

•1440 
•4080 

59 
44 

Aluminium  ,, 

2-945 

•0757 

31 

Zinc,  pressed 

5-689 

•4067 

16 

Platinum,  annealed    . 

9-158 

1-96 

10 

Iron                ,,    . 

9-825 

•7654 

9-2 

Tin,  pressed 

13-36 

•9738 

8-2 

Lead       ,, 

19-85 

2-257 

4-6 

Mercury,  liquid 

99-74 

13-06 

1-0 

Platinum-silver,    hard 

or  annealed     . 

24-66 

2-959 

3-7 

German  -silver,  hard  or 

annealed 

21-17 

1-850 

4-2 

Gold-silver,     hard   -or 

annealed 

10-99 

1-668                   8-6 

Brass 

5-8 

17-2 

47.  Divisions  of  the  Chapter. — The  work  of  this  chapter 
will  fall  under  the  following  heads  :— 

(1.)  Description  of  the  use  of  the  Box  of  Coils  as  a 
Wheatstone  Bridge. 

(2.)  Use  of  the  Differential  Galvanometer. 

(3.)  Use  of  Wheatstone  Bridges  with  Slide  Adjustment. 

(4.)  Determination  of  very  low  Resistances. 

(5.)  Determination  of  very  high  Resistances. 

(6.)  Resistance  of  Batteries  and  Electrolytes. 

48.  Different  kinds  of  Galvanometers. — In  each  of  these 
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sections  a  galvanometer,  usually  of  high  sensibility,  will  be 
required.  Speaking  generally,  when  the  resistance  to  be 
measured  is  high,  the  galvanometer  should  be  wound  with  a 
large  number  of  turns  of  fine  wire,  and  therefore  must 
have  a  high  resistance ;  and  when  the  resistance  to  be 
measured  is  low,  the  galvanometer  should  have  a  low  re- 
sistance, and  consequently  must  be  wound  with  only  a 
limited  number  of  turns  of  thick  wire.  According  to  the 
purpose  desired  galvanometers  are  classed  as  : — 

(1.)  High  Resistance,  or  Long  Coil  Galvanometers. 

(2.)  Low  Resistance,  or  Short  Coil  Galvanometers. 

An  instrument  of  either  type  may  be  wound  differentially, 
that  is  to  say,  be  provided  with  two  coils  of  exactly  similar 
construction,  and  placed  symmetrically  with  reference  to 
the  suspended  magnetic  system,  so  that  this  system  will  be 
uninfluenced  by  equal  currents  flowing  in  opposite  directions 
in  the  two  coils. 

By  providing  a  galvanometer  with  many  coils  it  may  be 
employed  either  as  a  high  or  a  low  resistance  galvanometer. 
Usually,  however,  instrument  makers  prefer  to  make  the 
two  types  of  instrument  of  somewhat  different  construc- 
tion. The  next  lesson  will  describe  a  useful  form  of  high 
resistance  galvanometer  adapted  for  the  greater  portion  of 
the  work  of  this  chapter. 


PART  I. — USE  OF  Box  OF  COILS  AS  A  WHEATSTONE'S 
BRIDGE. 

LESSON  XXIII. — The  High  Resistance  Differential 
Astatic  Galvanometer. 

49.  Exercise. — To  adjust  and  test  the  galvanometer. 

Apparatus. — The  galvanometer.  Fig.  61  shows  a  front 
view  of  the  complete  instrument,  while  Fig.  G2  shows  the 
back  and  side  views  of  the  instrument  without  its  outer  case. 
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(a)  The  Base. — A  round  ebonite  base  AB  is  provided 
with  three  levelling  screws,  a  circular  level  /,  and 
four  binding  screws  (1,  2,  3,  4). 


D 


Fig.  61.— REFLECTING  GALVANOMETER— FRONT  VIEW. 
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The  Coils  and  their  Supports. — From  the  base  rise  two 
brass  columns  p,p,  supporting  a  brass  plate  a,  a  (Fig. 
62).  Against  the  back  face  and  also  against  the 
front  face  of  the  plate  are  screwed  four  coils  c,  c,  c,  c. 
Three  of  these  are  of  the  same  construction,  but 
the  upper  back  coil  is  provided  with  a  subsidiary 


Fig.  62.— REFLECTING  GALVANOMETER— SIDE  AND  BACK  VIEWS. 

coil  d,  within  which  slides  a  small  adjusting  coil  e.1 
The  coils  are  held  in  their  places  by  brass  plates 
screwed  on  to  the  brass  framework.  The  wire  is 
wound  on  suitable  bobbins,  so  as  to  be  heaped  up 
towards  the  centre.  This  is  done  with  the  view 
of  obtaining  the  maximum  effect  on  the  needle.2 

1  The  purpose  of  d  and  e  is  to  make  the  upper  and  lower  coils  have 
the  same  magnetic  effect  when  the  instrument  is  used  differentially 
(see  p.  144). 

2  See  Jenkin's  Electricity  and  Magnetism,  3d  edition,  p.  196. 
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(7) 


Each  coil  has  a  central  aperture,  and  the  edges  of 
the  wound  coils  are  protected  with  shellac. 
The  Connections. — One  end  of  each  of  the  coils  is 
brought  into  connection  with  one  of  the  binding 
screws  on  the  base  of  the  instrument  by  means  of 
the  spirally  coiled  wires  seen  in  the  figures.  The 
other  ends  of  the  coils  are  put  into  connection  with 
the  screws  at  i,  i,  which  are  insulated  from  the 
main  framework,  and  where  also  the  two  ends  of 
the  secondary  coil  and  those  of  the  small  adjusting 
coil  are  brought.  The  connections  are  so  made 
that  when  a  battery  is  joined  to  the  main  ter- 
minals 1  and  4,  2  and  3  being  connected  together, 
the  coils  are  in  series,  and  all  unite  to  deflect  the 
needle  of  the  galvanometer  in  the  same  direction. 
This  is  exhibited  in  the  upper  diagram  of  Fig.  63, 


'* 


e*  ^tf 

T     T     T 


Fig.  63. 
METHODS  OF  MAKING  THE  CONNECTION. 


Fig.  64. 
GALVANOMETEB  NEEDLE. 


where,  of  the  two  galvanometer  coils,  one  is  sup- 
posed to  extend  between  1  and  2,  and  the  other 
between  3  and  4.  But  when  the  battery  is  at  1 
and  3,  and  2  and  4  are  in  connection  with  each 
other,  as  shown  in  the  lower  diagram  of  the  same 
figure,  where  we  may  suppose  the  same  current  to 
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go  in  a  right-handed  direction  between  1  and  2, 
and  in  a  left-handed  direction  between  3  and  4, 
the  currents  in  the  coils  will  oppose  one  another, 
and  may  be  made  to  have  no  effect  on  the  needle 
by  help  of  the  adjusting  coil  at  the  back.  For  the 
purpose  of  readily  making  these  connections,  two 
brass  connecting  pieces  of  suitable  length  are  usu- 
ally provided  with  the  galvanometer. 

(8)  The  Needle. — Fig.  64  gives  us  the  front  and  side 
views  of  the  needle.  An  aluminium  wire  db  is 
flattened  at  the  top  and  pierced  with  a  small  hole 
for  the  admission  of  a  silk  fibre.  It  is  also  flat- 
tened at  the  part  ef,  where  a  light  concave  mirror 
is  attached  to  it.  Across  the  middle  of  the  mirror 
there  is  fastened  a  magnet,  ns.  A  second  magnet 
s'n',  nearly  identical  in  size,  shape,  and  magnetic 
strength  with  the  former,  is  placed  at  the  lower  end 
of  the  wire,  with  its  poles  in  the  opposite  direction 
to  those  of  ns.  This  is  called  an  astatic  system, 
since  it  possesses  very  little  directive  force  as  far 
as  the  earth's  magnetism  is  concerned.  It  is  usual 
to  adjust  the  system  so  that  when  freely  suspended 
the  face  of  the  mirror  should  look  towards  the  west. 
At  right  angles  to  the  lower  needle  is  an  aluminium 
vane  al,  the  object  of  which  is  to  help  by  its 
resistance  to-  the  air  in  bringing  the  suspended 
system  more  rapidly  to  rest.  The  arrangement 
now  described  is  suspended  by  a  short  fibre,  con- 
sisting of  a  single  thread  of  cocoon  silk,  from  the 
end  of  a  brass  pin,  the  milled  head  of  which  is 
seen  at  H  (Fig.  62).  The  suspension  is  so  adjusted 
that  the  mirror  is  seen  through  the  centre  hole  h 
(Fig.  61)  in  the  upper  coil,  while  the  aluminium 
damper  and  lower  magnet  swing  within  the  opening 
h  of  the  lower  coil. 

(e)  The  Case  and  Directing  Magnet. — The  instrument  is 
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covered  with  a  cylindrical  glass  case,  having  a  brass 
top.  This  supports  a  vertical  brass  rod  rr,  in- 
tended to  hold  the  curved  directing  magnet  MN. 
The  latter  is  arranged  so  as  to  slide  up  and  down 
the  rod,  and  it  may  be  rotated  either  by  the  hand 
directly  or  by  the  help  of  the  slow  motion  screw  D. 
It  is  convenient  to  have  the  brass  rod  rr  graduated. 


Fig.  65. — GALVANOMETER  LAMP  AND  SCALE. 


The  Scale. — Fig.  65  exhibits  a  convenient  form  of 
scale.      It  has  the  following  adjustments  :   (1.)  it 
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may  be  raised  or  lowered  and  clamped  in  the 
proper  position  by  means  of  the  screw  seen  at  a  •  (2.) 
it  may  be  moved  horizontally  through  a  range  of 
about  two  inches  by  the  screw  £>,  working  with  a 
rack  and  pinion  movement;  (3.)  the  scale  may  be 
shadowed  more  or  less  by  placing  the  hinged  top  t 
at  any  desired  angle,  at  which  it  may  be  clamped 
by  a  screw.  At  d  there  is  a  hollow  tube  in 
which  a  second  tube  slides,  having  a  convex  lens 
of  5  inches  focal  length  at  one  end,  and  a  fine  wire 
stretched  across  the  tube  near  the  other  end.  The 
intention  of  this  is  to  bring  the  image  of  the  fine 
wire  to  a  focus  in  the  middle  of  the  illuminated 
circle  reflected  from  the  mirror  upon  the  scale.  The 
scale,  which  is  usually  of  well  varnished  paper, 
glued  to  the  wood,  had  better  be  graduated  in  half 
millimetres.  Many  scales,  however,  are  graduated 
in  fortieths  of  an  inch.  The  zero  of  the  scale  is 
generally  at  the  middle. 

The  Lamp. — This  is  an  ordinary  paraffin  lamp  L  pro- 
vided with  a  copper  chimney  m,  having  a  plain  glass 
window  in  front  and  a  concave  mirror  behind. 
It  must  be  placed  on  the  ledge  behind  the  opening, 
with  the  edge  of  the  flame  towards  the  hole.  Its 
height  may  be  adjusted  by  sliding  the  wick-holder 
in  or  out  of  the  body  of  the  lamp.  The  exact 
placing  of  the  lamp  is  a  matter  of  much  conse- 
quence if  it  be  essential  to  obtain  a  well  illuminated 
image  of  the  wire.  It  may  be  desirable  to  add  that 
when  lighting  the  lamp,  after  raising  the  wick  by 
the  screw  provided  for  the  purpose,  and  after 
trimming  and  lighting  the  wick,  the  latter  must 
be  screwed  down  so  as  to  be  below  the  metal 
lips  of  the  wick -holder.  The  chimney  should 
then  be  placed  on,  and  the  light  turned  up  until 
the  flame  is  of  the  desired  height.  This  will 
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ensure  the  proper    burning  of  the  vapour  of  the 
paraffin. 

(In  setting  up  the  galvanometer  it  will  be  necessary 
to  have  a  magnetic  compass  (a  prismatic  one  being  the 
best),  a  metre  scale,  a  T  square,  a  piece  of  plain  mirror, 
some  microscope  covering  glasses,  elastic  bands,  and 
chalk.) 

Position  of  the  Galvanometer  and  Scale. — The  galvanometer 
must  have  a  support  unaffected  by  vibrations ;  the  scale 
must  likewise  have  a  stable  support,  which  need  not,  how- 
ever, be  of  such  a  rigid  character  as  that  provided  for  the 
galvanometer. 

The  arrangement  most  frequently  adopted  is  to  place 
the  galvanometer  and  scale  on  a  slate  slab  1  inch  thick, 
and,  say,  55  inches  long  by  26  inches  wide,  fixed  to  the 
wall  by  stone  brackets.  The  height  of  the  slab  from  the 
floor  should  be  about  32  inches.  The  slab  should  be  fixed 
with  its  length  in  the  magnetic  east  and  west.  A  better 
plan  is  to  have  separate  slabs  for  the  galvanometer  and  the 
scale.  These  should  be  fixed  by  stone  brackets  to  the 
wall,  with  their  centres  40  inches  apart.  They  may 
be  14  inches  wide,  and  should  project  from  the  wall  to 
a  distance  of  27  inches.  They  should  be  so  high  that 
an  ordinary  table  may  be  placed  under  them,  leaving  suf- 
ficient space  for  the  reception  of  the  working  apparatus. 
Should  it  be  undesirable  to  make  use  of  the  laboratory 
wall  for  supporting  the  slabs,  brick  or  stone  piers  with 
suitable  foundations  may  be  built  up  directly  from  the 
earth,  each  pier  being  surmounted  with  a  slab  of  slate  or 
stone. 

It  will  be  necessary  to  partially  darken  the  place 
selected  for  the  galvanometer,  either  by  shutters  or  cur- 
tains. All  iron  which  has  not  a  fixed  position  should  be 
removed. 

Enumeration  of  the  Galvanometer  and  Scale  Adjustments. — 
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The   chief  adjustments   that  require  to  be  made  are  the 
following : — 

(1.)  The  galvanometer  must  be  levelled. 

(2.)  The  needle  must  be  made  to  swing  freely. 

(3.)  The  plane  of  the  coils  must  be  in  the  magnetic 
meridian. 

(4.)  The  scale  must  be  in  the  magnetic  meridian. 

(5.)  The  scale  must  be  horizontal  and  one  metre  from 
the  mirror. 

(6.)  The  zero  point  of  the  scale,  the  centre  of  the 
mirror,  the  flame  of  the  paraffin  lamp,  and  the 
wire  of  the  galvanometer  scale  must  be  in  the 
same  vertical  plane. 

(7.)  The  reflection  from  the  mirror  of  the  wire  of  the 
scale  must  be  focused  on  the  scale  clearly  and 
distinctly,  so  that  its  position  with  regard  to  the 
small  divisions  of  the  scale  may  be  easily  read  off. 

(8.)  The  suspending  thread  of  the  needle  must  be  free 
from  torsion. 

We  shall  describe  these  adjustments  and  others  of 
minor  importance  in  the  order  in  which  they  should  be 
performed. 

(a)  Preliminary  Adjustments. — The  galvanometer  and 
scale  having  been  placed  in  their  respective  posi- 
tions, the  former  should  be  levelled,  after  which 
the  case  should  be  removed  to  some  distance  off, 
so  that  the  directing  magnet  may  not  influence 
the  needle.  If  now  the  openings  of  the  coils  be 
not  protected  by  glass  fronts,  it  will  be  necessary 
to  cover  them  with  circles  of  microscopic  glass, 
which  may  be  held  in  place  by  elastic  bands.  A 
small  square  piece  of  mirror  glass  should  also  be 
tightly  fastened  by  an  elastic  band  against  the  top 
of  the  front  upper  plate  (that  holds  the  front  upper 
coil  in  place),  in  a  symmetrical  position  with  respect 
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to  the  hole  in  the  coil.  This  mirror  is  intended  to 
assist  in  placing  the  coils  and  the  galvanometer 
mirror  in  the  same  plane,  and  we  shall  assume  that 
the  plane  of  this  mirror  is  parallel  to  the  plane  of 
the  coils,  this  assumption  being  justifiable  if  the 
workmanship  of  the  galvanometer  be  good.  Next, 
the  needle  must  be  made  to  swing  freely.  The 
head  of  the  suspension  pin  should  be  raised  slowly 
and  without  a  screw  motion  until  the  centre  of  the 
galvanometer  mirror  is  brought  into  the  centre  of 
the  hole.  The  needle  should  now  be  free  to  move. 

(P)  Adjustment  to  Meridian,  etc.  —  If  the  suspending 
thread  were  altogether  free  from  torsion,  the  needle 
of  the  instrument  might  be  used  for  the  direct 
setting  of  the  galvanometer  coil  in  the  magnetic 
meridian.  But  the  thread  being  short  it  may  have 
received  sufficient  torsion  from  an  accidental  twist 
to  prevent  the  adjustment  being  accurately  made 
by  this  means.  We  shall  therefore  perform  the 
setting  by  the  help  of  an  independent  magnet,  such 
as  an  ordinary  or,  better  still,  a  prismatic  compass. 
By  the  help  of  the  compass  rule  two  chalk  lines 
on  the  slab,  one  in  the  magnetic  meridian  (near 
the  position  which  the  galvanometer  will  occupy), 
and  one  at  right  angles  to  the  meridian.  Place 
a  metre  scale  against  the  plane  of  the  coils,  and 
then  turn  the  instrument  until  the  metre  scale 
is  judged  to  be  parallel  to  the  chalk  line  drawn  in 
the  meridian.  A  second  chalk  line  drawn  in  the 
meridian  near  the  place  of  the  scale  will  enable 
the  latter  to  be  set  correctly  also  in  the  meridian, 
and  at  a  distance  of  one  metre  from  the  galvan- 
ometer mirror. 

(y)  Final  Adjustments. — The  lamp  having  been  lighted, 
the  scale  should  be  raised  or  lowered  until  the  reflec- 
tion from  the  galvanometer  mirror  falls  so  as  to  be 
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neither  too  high  nor  too  low.  By  moving  the 
lamp  horizontally  a  little,  and  raising  or  lowering 
the  wick-holder,  the  position  will  be  found  in  which 
the  image  is  brightest. 

Two  reflections  should  now  be  seen  on  the  scale, 
one  due  to  the  square  mirror  fastened  on  the  plate, 
and  the  other  due  to  the  galvanometer  mirror.  The 
former  should  appear,  provided  the  instrument  has 
been  properly  made,  as  a  square  patch  of  light 
over  the  zero  point  of  the  scale ;  while  the  latter, 
if  the  suspending  fibre  possesses  torsion,  may  be 
some  distance  away.  In  this  case  the  head  of  the 
suspending  pin  should  be  turned  until  the  reflected 
spot  of  light  from  the  galvanometer  mirror  falls  so 
as  to  coincide  with  the  reflection  from  the  fixed 
mirror. 

The  scale  should  now  be  screwed  or  clamped  down, 
and  the  galvanometer  should  have  its  position  fixed 
by  Sir  William  Thomson's  method  of  the  hole,  the 
slot,  and  the  plane  as  follows : — Mark  the  position 
of  the  levelling  screws  on  the  slab,  c. 

then    remove    the    galvanometer. 
Let  us  suppose  that  a,  b,  c,  Fig.  66, 
are  the  positions   occupied  by  the 
points     of    the    levelling    screws.    ^ 
At  a  make  a  conical  hole  about  £  ^  a 

inch    deep,    and   just    sufficiently  Fig.  66.— THE  HOLE, 
wide    to    admit   the    end    of  the    SLOT'  **»  PLANE" 
screw,  and  then  at  b  make  a  V-shaped  groove  of 
the  same  depth  as  the  hole  at  a.     Next  replace 
the    galvanometer,    whose    three    levelling   screws 
will    now   rest,  one    on  a   plane,  a   second    in   a 
hole,  and  the  third  in  a  slot.     The  galvanometer 
will  therefore  have  a  defined  position  without  the 
possibility  of  strain  being  caused  by  expansion  or 
contraction  of  its  base. 
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The  galvanometer  should  now  be  levelled  and 
finally  adjusted,  and  then  the  case  of  the  instru- 
ment replaced.  The  ebonite  base  should  be  dusted, 
in  order  that  the  insulation  may  be  as  perfect  as 
possible. 

TESTING  THE  INSTRUMENT. 

The  Sensibility.  —  This  will  depend  upon  the  position  of 

the  directing  magnet.     To  clearly  understand  the  precise 

influence  of  this  magnet  let  us  suppose  that  the  vertical 

plane  passing  through  the  magnetic  meridian  is  represented 

by  the  plane  of  this  page,  the  north  being  to   the  left 

hand  of  the  reader.     In  the   nearly  astatic   combination 

(Fig.  67  I.),  the  upper  magnet  being  generally  made  some- 

what stronger  than  the  lower,  will  place  its  north-seeking 

pole  towards  the  magnetic  north.     The  magnetic  field  pro- 

R  M     N  duced  by  the  earth  may  be 

*^      ^«*    **•*""*'**»     looked  upon  as  caused  by  a 

very  large  magnet,  whose  S. 

pole  lies  to  the  left,  while  its 

n|  s         a.  I  s  nl    s       N.  pole  lies  to  the  right  of 

n  i 


the    page.      Let    us    denote 

U* 

nr 


8'111          "  8\     *      by    H  the    strength    of  this 


field  which  tends  to  keep 
the  nearly  astatic  combina- 
tion in  the  meridian.  Now,  when  the  directing  magnet 
is  placed  over  the  needle,  with  its  poles  lying  in  the 
same  direction  as  those  of  the  imaginary  magnet  which 
produces  the  earth's  magnetism  (Fig.  67  II.),  it  will 
follow  that  the  field  in  which  the  needles  swing  will 
be  strengthened,  and  may  be  expressed  by  H  +  M, 
where  M  is  the  strength  of  the  field  due  to  the  directing 
magnet  above.  Also,  in  this  case,  the  nearer  the  directing 
magnet  is  to  the  needles  the  greater  will  be  the  force 
required  to  produce  a  given  deflection,  or,  in  other  words, 
the  less  will  be  the  sensibility  of  the  galvanometer. 


iv.]  THE  MEASUREMENT  OF  RESISTANCE.  129 

Should,  however,  the  directing  magnet  have  its  poles 
placed  in  the  reverse  position  (Fig.  67  III.),  the  strength 
of  the  field  will  be  H  -  M.  In  this  case  the  approach 
of  the  magnet  will  first  of  all  diminish  the  strength  of 
the  residual  field,  and  thus  increase  the  sensibility  of  the 
instrument.  If  a  position  is  reached,  as  may  be  the  case 
when  the  directing  magnet  is  of  sufficient  strength,  where 
H  -  M  =  0,  then  the  system  will  be  under  the  control 
of  no  directing  force,  and  will  be  unstable ;  while,  if  the 
directing  needle  is  pushed  still  nearer,  the  position  of  the 
astatic  system  will  be  reversed,  and  the  needles  will  swing 
round  through  180°. 

This  reasoning  has  been  tested  experimentally.  The 
directing  magnet  was  first  placed  at  the  top  of  the  standard 
supporting  it,  with  its  S.  pole  to  the  magnetic  north. 
The  time  of  vibration  of  the  needle  was  then  taken  by 
means  of  a  stop-watch.  The  magnet  was  then  reversed 
and  the  time  again  determined.  This  proceeding  was 
repeated  several  times  as  the  directing  magnet  was  gradu- 
ally brought  nearer  the  needle.  The  following  table  gives 
the  results  of  the  experiment : — 

Position  of  Tune  of  Vibration. 

Directing  Magnet       S.  Pole  to  North.  N.  Pole  to  North. 

Top         .  2 '9  seconds.         3 '3  seconds. 

3-5        „ 
4-4        „ 

Point  of  instability. 
Could  not  be  brought  to  zero. 


Position  1 


4 


Bottom 


27 
2-5 
2-0 
1-6 

ri 


Here,  when  the  S.  pole  of  the  directing  magnet  is  to 
the  north,  the  strength  of  the  field  is  seen  to  increase  as 
the  magnet  is  lowered,  the  vibrations  becoming  more 
rapid.  But  when  the  magnet  is  reversed  the  opposite  is 
the  case,  the  strength  of  the  field  gradually  diminishing 
until  a  zero,  or  point  of  instability,  is  reached,  after  which 
it  no  doubt  increases  in  an  opposite  direction  ;  but  this, 
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of  course,  cannot  be  tested,  as  the  needle  cannot  then  be 
brought  to  zero. 

The  most  sensitive  position  lies  evidently  between  the 
positions  2  and  3.  The  positions  2 -5  and  2 '7 5  were  found 
to  be  stable  positions,  but  it  was  noticed  that  the  resting 
point  frequently  altered.  This  may  have  been  caused  by 
the  directing  power  being  insufficient  to  control  variations 
in  the  torsion  of  the  fibre,  or  it  may  have  been  due  to 
solar  diurnal  changes  in  the  magnetism  of  the  earth,  to 
which  such  an  arrangement  would  be  peculiarly  sensitive. 
It  was  therefore  decided  that  position  2  should  be  regarded 
as  the  most  sensitive  working  position. 

Experiments  slwwing  the  Sensitiveness  of  the  Galvanometer. 
— (1.)  Touch  the  brass  terminals,  one  with  the 
finger  and  the  other  with  the  thumb,  a  deflection 
will  be  produced  which  will  be  increased  when  the 
fingers  are  moistened.  The  current  is  due  to  the 
slight  variation  in  the  nature  of  the  brass  terminals 
and  in  the  moisture  of  the  fingers. 

(2.)  Obtain  two  copper  wires  of  the  same  kind,  connect 
them  with  the  galvanometer,  and  place  their  free 
ends  in  distilled  water.  A  deflection  will  be 
produced.  Take  one  of  the  wires  out  of  the  water, 
touch  it  with  the  finger,  and  then  replace  the  wire 
in  the  water.  A  far  greater  deflection  will  now  be 
obtained,  which  may,  however,  be  in  the  opposite 
direction  to  the  previous  deflection. 

(3.)  Connect  one  terminal  with  the  gas-pipe,  now  touch 
the  other  terminal,  when  a  deflection  will  be  pro- 
duced, due  to  the  battery  formed  by  the  observer, 
the  wooden  floor  on  which  he  stands,  and  the  brass 
terminal.  Here  the  gas -pipe  acts  probably  as  a 
conducting  link  between  the  floor  and  the  other 
terminal. 

(i.)  Leaving  the  one  terminal  connected  with  the 
gas-pipe,  give  a  small  spark  to  the  other  terminal 
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by  means  of  an  electrophorus.  At  the  instant 
when  the  spark  is  given  a  deflection  will  be 
observed.  A  greater  effect  may  be  produced  by 
disconnecting  the  wire  leading  from  one  of  the 
terminals  to  the  gas -pipe,  thus  leaving  both  ter- 
minals insulated,  and  then  giving  a  charge  of 
several  sparks  to  one  of  the  terminals.  If  we  now 
touch  the  galvanometer  with  the  finger  a  deflection, 
due  to  the  sudden  discharge,  will  be  noticed. 
(5.)  Observe  the  influence  on  the  galvanometer  needle 
of  a  wire  conveying  a  current,  of  a  small  magnet, 
of  the  observer's  watch,  of  the  buttons  on  his  coat, 
etc.  etc. 

50.  Thewy  and  Use  of  SJiunts. — To  reduce  at  will  the  sen- 
sibility of  the  galvanometer,  shunts,  the  use  of  which  will 
be  already  familiar  to  the  student,  are  employed.  Figs.  68 
and  69  show  two  such  arrangements  in  frequent  use,  the 


Fig.  68. 
PLAN  OF  CIRCULAR  SHUNT  Box. 


PLAN  OF  SQUARE  SHUNT  Box. 


corresponding  parts  in  each  being  similarly  lettered.  Fig. 
70  exhibits  the  general  plan  of  the  shunt  connections. 
When  a  plug  is  inserted  at  d  the  galvanometer  is  short- 
circuited  through  the  thick  metal  portions  between  A  and 
B  ;  but  when  the  plug  is  removed  from  d  and  inserted  at 
a,  6,  or  c,  the  galvanometer  is  shunted  through  one  or  other 
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of  the  resistance  coils  of  the  shunt.      The  resistance  that  a 
shunt  must  have  in  order  to  diminish  the  current  in  any 
ratio  may  be  readily  ascertained. 
Let    G    be    the   resistance  of   the 
galvanometer   and    S    the    resist- 
.  ^   ance    of     any     shunt,     while     C 
denotes    the  main  current   which 
we  wish  to  shunt.     This  current 
will    divide   between    the  galvan- 
ometer and  shunt  in  the  inverse 

Fig.  70.— SCHEME  OF  SHUNTS.  , .         /,   , , 

ratio  of  the  resistances   in   each ; 

that  is  to  say,  in  the  ratio  of  S  to  G,  and  hence  the  current 
Cj  going  through  the  galvanometer  will  be 


Suppose  now  that  we  wish  to  allow  only  the  ^th  part  of  the 
current  to  go  through  the  galvanometer,  or,  in  other  words, 
let  Cj  =  °.  In  this  case  we  shall  have  from  (1) 


from  which  we  find  as  follows  for  the  values  of  n  in  com- 
mon use  :  — 

Ifw=10         S=    fc  ofG. 
S=  -fa  of  G. 


The  positions  a,  b,  and  c  are  marked  either  with  the  num- 
bers TV,  T^Q-,  ToV^,  implying  the  fractions  of  the  whole 
current  which  they  pass  through  the  galvanometer,  or  with 
the  numbers  i  ^,  ¥  J7,  implying  the  ratio  between  their 
resistances  and  that  of  the  galvanometer. 

When  the  shunts  are  made  of  the  same  metals  as  the 
galvanometer  coils,  their  shunting  power  will  not  be  altered 
with  change  of  temperature.  Since,  however,  the  galvan- 
ometer coils  are  usually  made  of  copper  and  the  shunts  of 
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German  silver,  a  correction  will  be  necessary  in  calculations 
involving  the  resistance  of  the  shunts. 

The  student  must  not  fail  to  notice  that  the  effect  of 
shunting  the  galvanometer  is  to  diminish  the  total  resist- 
ance of  the  circuit,  and  hence  to  increase  the  main  current, 
so  that  if  the  main  -current  is  desired  to  be  constant, 
additional  resistance  must  be  introduced  A  set  of  resist- 
ances called  Compensating  Resistances  are  accordingly 
sometimes  used  for  this  purpose. 

LESSON  XXIV. — The  Box  of  Coils  used  as  a  Bridge. 

51.  Exercise. — To  learn  the  use  of  a  box  of  coils  for 
measuring  resistance  by  Wheatstone's  method. 


71. — THE  POST  OFFICE  RESISTANCE  Box. 


Apparatus. — (1.)   The  Sox  of  Coils. — One   of  the  best- 
known  arrangements  is  the  Post  Office  Resistance  Box.    A  plan 
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of  this  box  will  be  seen  in  Fig.  71,  in  which  AC  and  AB  are 
the  proportional  arms,  and  EFGD  the  rheostat  arm.  The 
bridge  will  best  be  understood  by  comparing  it  with  the 
typical  diagram  (Fig.  72),  in  which  the  parts  are  lettered  in 
the  same  way  as  in  the  figure  of  the  box.  At  A  (Fig.  71) 
no  binding  screw  is  provided, 
but  a  wire  passes  under  the 
ebonite  top  of  the  box  to  a 
stud  at  a,  so  that  on  pressing 
the  key  aA.'  the  binding  screw 
at  A'  is  in  connection  with  A. 
In  like  manner  the  terminal  at 
B'  may  be  put  in  contact  with 
the  point  B  by  pressing  the  key 
B'&.  The  rheostat  arm  is  con- 
nected with  the  proportional  arms 
by  a  brass  connecting  piece  (not 
shown),  which  ought  to  be  strongly 
clamped  by  the  binding  screws 
at  B  and  E.  At  C  and  D  are 

double  binding  screws — one  for  the  wire  of  the  unknown 
resistance,  or  line  wire,  besides  which  there  will  be  the 
galvanometer  wire  at  C  and  the  battery  wire  at  D.  The 
order  in  which  the  various  resistances  occur  will  be  seen 
in  the  diagram.  At  the  place  marked  INF  is  the  plug 
called  the  "  infinity  plug."  Should  this  plug  be  removed 
the  connection  between  the  parts  of  the  rheostat  arm  on 
either  side  of  it  will  be  completely  broken. 

(2.)  The  LedancM  Battery. — This  form  of  battery  is  chosen 
for  measurements  of  resistance,  since  it  deteriorates  but 
little  on  standing,  so  that  it  is  always  ready  for  use.  On 
the  other  hand  it  runs  down  very  rapidly  when  short-cir- 
cuited. But  when  the  circuit  resistance  is  small,  as  is  the 
case  when  our  object  is  rather  to  find  the  direction  of  deflec- 
tion than  to  measure  its  amount,  the  current  is  only  required 
for  a  few  seconds  at  a  time,  and  in  this  case  any  variation 
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in  the  strength  of  the  current  is  of  little  consequence. 
Again,  when  the  current  is  required  for  a  longer  period,  as 
it  is  when  accurate  determinations  are  being  made,  the  re- 
sistance in  the  circuit  will  necessarily  be  so  high  that  the 
constancy  of  the  battery  will  be  unaffected,  inasmuch  as 
it  is  doing  little  work.  It  is  convenient  to  have  four 
cells  of  this  battery  fitted  with  a  switch,  so  that  1,  2, 
3,  or  4  cells  may  be  thrown  into  circuit  as  required  (see 
Appendix). 

(3.)  The  Connecting  Wires. — These  should  be  of  gutta- 
percha  covered  copper  wire.  The  wires  leading  to  the 
galvanometer  and  battery  may  be  No.  20  B.  W.  G.  Those 
leading  to  the  unknown  resistance  should,  however,  be 
thicker,  and  be  provided  with  copper  strips  soldered  at  the 
ends,  as  we  have  shown  in  Fig.  23.  The  use  of  these  strips 
ensures  a  greater  surface  of  contact. 

Method  of  making  the  Connections. — In  Fig.  73  we  have 
a  plan  of  the  connections  where  G  is  the  galvanometer,  S 
the  shunt,  X  the  unknown  resistance,  L  the  Leclanchd 
battery,  and  CBB'A'  the  Post  Office  bridge.  The  wires 
going  to  the  same  parts  should  be  brought  together  as 
much  as  possible.  When  a  and  b  are  pressed  down,  the 
contacts  indicated  in  the  figure  are  made.  The  gal- 
vanometer should  be  at  least  a  metre  away  from  the 
measuring  apparatus,  and  if  the  resistance  to  be  measured 
consists  of  many  turns  of  wire,  it  is  necessary  that  it 
should  be  so  far  distant  that  it  cannot  directly  affect  the 
galvanometer. 

Method  of  Measuring  Resistances  — The  resistance  of  the 
connecting  wires  that  go  to  the  unknown  resistance  should 
first  be  measured.  (We  shall  suppose  that  these  wires 
are  each  about  two  yards  long :  for  the  purpose  of  dis- 
tinction they  will  be  spoken  of  as  the  resistance  con- 
nectors.) In  order  to  do  this,  take  the  wires  out  of  the 
binding  screws  at  m  and  n,  and  clamp  their  extremities 
together. 
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Place  the  -g-^-g-  shunt  in  the  galvanometer,  and  put  on 
one  cell  of  the  battery.  Make  P  =  10,  Q  =  10,  and 
K,  =  0,  that  is  to  say,  keep  all  the  plugs  of  the  rheostat 
arm  in.  Press  the  battery  key  first,  in  order  that  the 
momentary  current  due  to  self-induction  may  have  ceased 
before  bringing  the  galvanometer  into  circuit.  Then,  whilst 
it  is  down,  press  the  galvanometer  key  for  a  few  seconds. 


Fig.  73.— CONNECTIONS  FOR  MEASURING  RESISTANCES. 

The  galvanometer  will  now  be  deflected,  say  to  the  right. 
If  no  deflection  is  obtained  there  must  be  a  faulty  connec- 
tion at  some  place.  In  this  case  examine  the  battery  and 
galvanometer  connections,  and  especially  ascertain  whether 
any  of  the  leading  wires  are  broken.  With  gutta-percha 
covered  wires  such  an  accident  may  easily  be  overlooked, 
for  the  wire  frequently  becomes  broken  while  the  covering 
remains  complete. 
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Next,  P  and  Q  remaining  the  same  as  before,  make 
R  =  oo .  On  pressing  the  keys  momentarily  as  before,  the 
deflection  should  now  be  to  the  left,  i.e.  in  the  opposite 
direction,  for  the  leading  wires  should  have  a  resistance 
between  that  of  R  =  0  and  R  =  oo .  If  the  deflections 
are  not  in  opposite  directions  the  connections  are  probably 
wrong,  and  should  be  examined.  Various  resistances 
must  now  be  tried,  until  a  balance  is  obtained.  The 
order  of  procedure  will  best  be  seen  by  studying  the 
following  table,  which  gives  the  result  of  an  actual 
measurement.  The  student  is  advised  to  arrange  his 
results  in  this  form  until  he  is  quite  familiar  with  the 
use  of  the  bridge. 


Value  of  X 

which  would 

No.  of 
Cells. 

Shunt. 

P. 

Q. 

R. 

balance  = 
/QR\ 

Deflection. 

1 
1 

± 

10 
100 

10 
10 

1 
1 

1 
•1 

To  right 
To  right 

1 

JL 

1000 

10 

1 

•01 

To  left. 

4 

No  shunt 

1000 

10 

6 

•06 

To  right. 

4      i  No  shunt 

1000 

10 

5 

•05 

To  left 

From  this  we  see  that  the  resistance  of  the  leading 
wires  is  between  "05  and  '06  ohm.  To  obtain  this 
resistance  more  accurately  the  extent  of  the  deflections 
must  be  noted  in  the  two  last  cases,  and  the  true  value 
of  X  found  by  interpolation,  as  shown  below : — 


Value  of 

'06  ohm 
•05     , 


Deflection, 
divisions  to  right. 


rignl 
left. 


Hence  '01  causes  a  difference  of  seventy-three  divisions, 
and  hence  the  value  of  ~,  which  would  correspond  to  no 
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deflection  of  the  galvanometer,  will  be  -j?  =  X  =  '05 
+  ^^=  -05507  ohms  approximately. 

The  above  result  will  require  a  further  correction,  due 
to  the  fact  that  the  rheostat  arm,  when  all  the  plugs  are 
in,  has  a  certain  finite  though  small  resistance.  To 
obtain  its  value,  substitute  for  the  resistance  connectors 
a  piece  of  copper  wire,  No.  1 8  B.  W.  G.,  say  about  a  foot 
long ;  likewise  clean  all  the  plugs  of  the  rheostat  arm  and 
press  them  well  into  their  places.  Make  P  =  Q  =  10. 
On  pressing  the  keys  a  deflection  will  be  obtained,  but  by 
shortening  or  lengthening  the  wire  it  will  be  possible  to 
obtain  a  length  of  wire  which  will  just  balance  the  rheostat 
arm.  Measure  the  length  of  the  wire,  obtain  its  diameter, 
and  calculate  its  resistance  by  the  aid  of  tables.  It  was 
found,  for  example,  by  this  means  that  the  resistance  of 
this  balancing  wire  was  '008  ohm.  Hence  the  corrected 
resistance  of  the  leading  wires  is  more  nearly  '05507 
+  '00008  =  '05515  ohm.  (More  accurate  methods  of 
finding  the  resistance  of  the  plugged  rheostat  arm  will  be 
found  in  Part  IV.) 

The  resistance  of  the  leading  wires  being  known,  the 
measurement  of  the  resistance  of  several  coils  should  be 
proceeded  with,  as  exhibited  in  the  following  examples : — 

Examples. — I.  Galvanometer  coil  of  copper — 

P  =  100,  Q  =  10,  R  =  9896,  ^  =  989'6.     No  deflection. 

„  „          ,,9897,     ,,      9897.     Slight  deflection. 

X  =  989 -6- -055  =  989-545  ohms.     Temp.  15°  C. 

II.  Galvanometer  coil  of  copper — 

P  =  1000,  Q  =  10,   R  =  1020,  (^r=10-20.     Deflection  of  -  4. 
1019,  10-19.  „  +21, 

X  =  10-19+'01x21  -  -055  =  10-143. 

A0 

In  these  examples  the  resistance  of  the  rheostat  arm  is 
neglected.  Temperature  15°  C. 
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52.  Correction  for  Temperature.  —  According  to  the  ex- 
periments of  Dr.  Matthiessen,  the  resistance  of  metals 
increases  with  the  temperature,  according  to  the  empirical 
formula  :  — 


where  R«  is  the  resistance  at  t°  C.,  R0  that  at  0°  C.,  and 
a,  ft  are  numerical  constants.  The  values  of  a  and  ft  for 
a  few  useful  metals  are  exhibited  in  the  following  table  :— 

TABLE  G. 

TEMPERATURE  COEFFICIENTS  FOR  RESISTANCE. 

Metal.  Temperature  Coefficients. 

a.  0. 

Most  pure  metals      .         -003824  +'00000126 

Mercury..     \         ..        '0007485  -'000000398 

German  silver  .         '0004433  +  '000000152 

Platinum  silver        .         '00031 

In  the  previous  experiments  the  resistances  in  the  box 
were  made  of  platinum  silver,  and  the  coils  had  been 
adjusted  to  the  standard  at  19°  C.  Since  our  measure- 
ments were  made  at  15°  C.,  the  actual  resistance  used  to 
balance  X  would  be  less  than  that  marked  on  the  box,  for 
the  temperature  at  the  time  of  measurement  was  4°  less 
than  the  standard  temperature.  Referring  to  the  formula 
used  in  the  Wheatstone's  bridge,  namely, 


we  see  at  once  that,  since  Q  and  P  are  of  the  same  metal, 
any  rise  in  temperature  will  not  affect  the  ratio  of  Q  to  P. 
The  resistance  R  is  therefore  the  only  one  requiring  correc- 
tion. For  our  purpose  it  will  be  sufficient  to  suppose  that 
an  alteration  of  4°,  when  the  resistance  R  is  at  0°,  would 
cause  exactly  the  same  proportionate  change  as  when  R  is 
at  19°  ;  hence  our  resistance  becomes 

Rlfi  =  R19{l-(4x-00031)|. 
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Applying  this  formula  to  the  preceding  examples,  we 
find 

I.     X1B=  989  -545(1  -4  x  '00031)  =  988  '318, 
II.     X15=   10-143(1 -4x -00031)=   10'130. 

53.  Resistance  of  the  working  Galvanometer. — When  a 
second  galvanometer  is  available,  the  resistance  of  the 
working  galvanometer  may  be  obtained  by  means  of 
Wheatstone's  bridge  in  the  ordinary  manner,  the  working 
galvanometer  being  the  unknown  resistance.  The  neces- 
sity of  an  additional  galvanometer  may,  however,  be 
avoided  by  a  method  due  to  Sir  W.  Thomson,  which  will 
be  now  described.1 


LESSON  XXV. — Measurement  of  Galvanometer 
Resistance  (Thomson's  Method). 

54.  Apparatus. — Wheatstone's  bridge,  etc.;  galvan- 
ometer, whose  resistance  is  to  be  measured  ;  a  Daniell's 
cell  of  high  resistance  ;  resistance  boxes  for  regulating 
the  battery. 

Theory  of  the  Method. — Let  the  student  draw  the  theo- 
retical diagram  (Fig.  72),  and  consider  what,  when  |  =  |, 
will  be  the  effect  of  joining  through  a  galvanometer  the 
points  B  and  C  in  the  two  branches  of  the  current.  There 
will  evidently  be  no  effect  upon  the  galvanometer,  since  B 
and  C  are  at  the  same  potential,  and  this  is  the  ordinary 
way  of  using  Wheatstone's  bridge. 

Suppose  now  that  instead  of  the  galvanometer  being 
placed  between  B  and  C  it  is  placed  between  C  and  D,  as 
shown  in  Fig.  74,  and  that  a  key  is  placed  between  B  and 
C.  What  will  happen  in  this  case  if  |  =  |  ?  It  is  clear 

1  See  a  note  by  Sir  W.  Thomson  added  to  Mr.  Mance's  paper  on  a 
method  of  measuring  the  resistance  of  a  conductor  or  battery,  Pro. 
Roy.  Soc.,  vol.  xix.  (1871),  p.  247. 
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that  here  we  shall  have  a  current  passing  through  the 
galvanometer,  but  since,  when  connection  is  made  by  the 
spring  key  between  B  and  C,  no  current  will  pass  between 
theso  points,  it  is  manifest  that  no  diversion  of  current  is 
produced,  and  hence  that  the  value  of  the  current  passing 
through  the  galvanometer  will  not  be  altered  by  making 
such  connection.  Hence  no  alteration  will  take  place  in 
the  current  of  the  galvanometer  in  making  this  connection, 
provided  that  P:Q::K:X. 


Fig.  74. 


Fig.  75. 
MEASUREMENT  OF  GALVANOMETER  RESISTANCE. 


Practice  of  the  Method. — We  shall  suppose  that  the 
resistance  of  the  galvanometer  is  approximately  known  to 
begin  with.1  The  requisite  connections  with  the  Post  Office 
bridge  are  seen  in  Fig.  75.  In  this  figure  the  keys  are  at 
B'  and  A'.  Here  S  is  a  shunt  placed  across  the  battery 
circuit  (in  which  a  resistance  E  is  included  to  keep  the 
battery  steady),  this  being  necessary,  since  otherwise  the 
current  will  be  too  great  to  make  the  test  practicable.  In 
order  still  to  reduce  the  current  as  much  as  possible  it  is 

1  The  resistance  of  a  galvanometer  is  usually  supplied  by  the  maker 
of  tlie  instrument.  If  this  is  not  the  case  the  resistance  may  be  ap- 
proximately obtained  by  measuring  the  resistance  of  one  of  the  shunts 
supplied  with  the  instrument,  or  by  the  method  of  Lesson  XVIII. 
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desirable  to  make  the  resistance  in  the  arms  of  the  bridge 
very  high. 

Let  us  suppose  that  P  =  1000,  Q  =  1000,  E  =  4000. 
Press  the  battery  key,  when  a  deflection  of  the  galvan- 
ometer will  be  observed,  probably  so  great  as  not  to  be 
readable.  Now  place  the  directing  magnet  low,  with  its 
S.  pole  to  the  north,  so  as  to  strengthen  the  earth's  magnetic 
field,  and  then  turn  the  magnet  until  the  spot  of  light  is 
brought  to  the  centre  of  the  scale.  Next  press  the  key  B'. 
If  a  deflection  results,  it  will  be  necessary  to  alter  the 
rheostat  arm  of  the  bridge,  and  to  repeat  the  operation  of 
adjusting  the  magnet  and  pressing  B'  until  the  effect  of 
opening  or  closing  the  circuit  CBB'  has  no  influence  on 
the  current  in  the  galvanometer. 

Example. — We  measured  the  resistance  of  the  \  shunt, 
which  was  about  617  ohms ;  hence  the  resistance  of  the 
galvanometer  should  be  617  x  9  =  5553  ohms.  Using  the 
above  method  with  P  =  Q— 1110,  we  found  galvanometer 
resistance  =  5550,  but  it  was  not  possible  to  tell  within  5 
ohms.  This  was  owing  to  the  necessity  of  bringing  the 
directing  magnet  near  the  needle  to  balance  the  current  in 
the  galvanometer,  which  reduced  the  sensibility  of  the 
instrument.  The  galvanometer  under  measurement  being 
a  differential  one,  it  was  decided  to  measure  one  of  the 
coils  at  a  time,  and  send  a  weak  current  from  an  accessory 
battery  through  the  other  in  such  a  direction  as  to  balance 
the  current  in  the  coil  under  measurement.  This  method, 
by  rendering  it  unnecessary  to  lower  the  magnet,  gave 
much  better  results,  since  the  adjustment  could  be  made 
within  1  ohm.  Each  coil  was  found  to  have  a  resistance 
of  2775  ohms. 


PART  II — USE  OF  A  DIFFERENTIAL  GALVANOMETER. 

55.  The  differential   method  of  measuring  resistances 
has,  in  common  with  the  bridge  method,  the  merit  of  being 
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independent  of  the  constancy  of  the  working  battery,  and 
also  of  being  a  zero  method,  but  owing  to  the  additional 
skill  and  labour  requisite  for  the  construction  of  a  differ- 
ential instrument,  the  former  method  (at  one  time  used 
extensively  for  measurements  connected  with  telegraphy) 
is  now  almost  entirely  superseded  by  the  bridge  method. 
The  differential  method  should  nevertheless  be  known  to 
the  student,  for  not  only  is  it  of  service  in  physical  investi- 
gations, but  it  is  useful  in  checking  results  obtained  by 
using  the  bridge. 

LESSON  XXVI. — The  Differential  Method. 

56.  Exercise. — To  compare  the  higher  resistances  in  two 
boxes  of  coils. 

Apparatus. — A  differential  galvanometer  (see  Lesson 
XXIII.),  a  battery  and  connecting  wires. 

Testing  and  adjusting  the  Galvanometer. — A  differential 


Fig.  76. 


Fig.  77. 


galvanometer,  in  order  to  be  a  perfect  instrument,  should 
satisfy  two  conditions.  (1.)  Equal  and  opposite  currents 
in  the  two  coils  should  be  without  influence  on  the  needle. 
(2.)  The  resistance  of  the  two  coils  should  be  equal. 
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Fig.  76  exhibits  the  connections  necessary  to  test  the  first 
of  these  two  conditions.  Here  the  two  coils  A  and  B  have 
sent  through  them  the  same  current,  but  in  opposite  direc- 
tions. If  a  deflection  be  produced,  the  small  adjusting  coil 
mentioned  on  p.  119  should  be  pushed  in  or  out  until  no 
deflection  results.  In  order  to  test  the  second  condition, 
the  connections  are  altered  to  those  of  Fig.  77,  which 
shows  the  battery  current  divided  between  the  two  coils, 
and  this  division  will  be  in  equal  proportion  to  each,  pro- 
vided that  the  resistances  of  the  coils  be  equal.  Should 


Fig.  78. 


Fig.  79. 


this  not  be  the  case  it  will  be  necessary  to  add  an  external 
resistance  to  one  of  the  two  coils  until  no  deflection  is  pro- 
duced. 

Direct  Comparison  of  Resistance. — Let  the  connections 
remain  as  in  Fig.  77,  but  place  the  resistance  coils  R 
and  x,  which  are  to  be  compared  together,  as  shown  in 
Fig.  78.  Make  x  a  high  resistance,  and  adjust  R  until 
no  deflection  is  obtained,  then  R  =  x,  provided  that  the 
galvanometer  is  rightly  adjusted.  We  may  make  the  test 
quite  independent  of  any  such  assumption,  if  we  substitute 
for  x  a  third  box  of  coils,  out  of  which  a  resistance  Rj  is 
taken  to  balance  R,  for  then  must  x  =  Rr  This  is  the  best 
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way  of  using  the  galvanometer.     The  student  will  see  that 
this  is  analogous  to  Borda's  method  of  double  weighing. 

Comparison  by  means  of  Shunts.  —  The  range  of  utility  of 
the  differential  galvanometer  may  be  considerably  extended 
by  the  use  of  shunts.  Fig.  79  shows  the  connections 
with  the  shunts.  Let  g  and  g'  be  the  resistances  of  the 
galvanometer  coils,  6'  and  s'  that  of  the  corresponding 
shunts.  Let  us  denote  by  B  the  current  in  the  main 
branch  in  which  the  battery  is  placed  ;  also  let  C 
denote  the  current  that  flows  through  the  coil  g,  and  Cx 
the  current  that  flows  through  the  coil  g'.  Now,  in  con- 
formity with  the  law  of  the  division  of  currents, 

C_R  Equivalenfresistance  of  circuit  34z3     _  1  _ 
Total  resistance  of  34#3  and  21  R2       shunting  power  of  s 

xl  *v 

=  B  _  !^L__x_£-     .   '    .       .    (1) 


s+g    s  +  g 

In  like  manner  the  current  Ca  through  the  coil  g1  is  as 
follows  — 

R  ,     sg_ 

CI=B  _  s+9  ,,  x-A  ...   (2) 

s+g 


If  the  galvanometer  is  properly  adjusted,  g  =  g\  and  by 
altering  s,  s',  and  R  until  there  is  no  deflection,  we  get 
C  =  Cv  and 


To  make  use  of  this  formula  with  convenience,  two  sets 
of  shunts  must  be  arranged,  one  to  shunt  each  galvan- 
ometer coil,  of  %  and  ¥V  of  the  resistance  of  the  coil. 

Remembering  that  we  also  have  the  option  of  using  no 
shunt  at  all,  or,  in  other  words,  of  using  a  shunt  of  in- 

VOL.   II.  L 
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finite  resistance,  the  above  formula  will  give  a  range  of 
resistance  measurement  from  '01  ohm  to  1,000,000  if  we 
are  .provided  with  a  box  of  coils  ranging  from  1  to  10,000 
ohms,  for  if  s  =  ~  and  5'  =  <x>  ,  then,  by  the  above  formula, 


and  if  R=10,000 

ar  =  1,000,  000. 
Again,  if 


and  if  R=l 

#=•01. 

We  are  thus  provided  with  a  method  of  comparing  resist- 
ances which  has  a  range  equal  to  that  of  the  Post  Office 
box  of  coils. 

PART  III.  —  USE  OF  THE  SLIDE  BRIDGE. 

57.  When   the    resistance    to    be    measured   does    not 
amount  to  more  than  2  or  3  ohms,  or  when  we  wish  to 
compare  as  accurately  as  possible  a  resistance  which  is  ap- 
proximately an  ohm  with  a  standard  unit,  the  slide  bridge 
should  be  employed.     The  student  having  been  already 
made  acquainted  (Lesson  XXI.)  with  the  general  principles 
involved  in  the   slide   bridge,  will  now  be   prepared   for 
making  measurements  in  an  accurate  manner. 

58.  Low  Resistance  Galvanometer.  —  It  will  be  necessary 
in  this  section  to  make  use  of  some  pattern  of  low  resist- 
ance reflecting  galvanometer  with  a  low  resistance  coil  of 
from  "25  to  3  ohms.     Fig.  80  shows  an  instrument  of  the 
tripod  pattern.      It  has  a  single  coil  placed  within  a  brass 
box  having  a  glass  front,  within  which  is  suspended  the 
mirror  and   needle  seen  through  the  central   opening  m. 
A  lower  needle,  with  an  aluminium  damper,  and  having 
reversed  polarity,  swings  below  the  coil  in  the  position  d. 
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On  the  top  of  the  instrument  is  a  brass  &ap  supporting  the 
directing  magnet,  the  latter  being  turned  by  the  tangent 
screw  b.  By  liberating  the  screws  c  and  c'  the  cap  with 


Fig.  80.— THE  TRIPOD  GALVANOMETER. 


the  directing  magnet  may  be  removed,  when  the  head  of 
the  pin  that  supports  the  needle  will  be  exposed.  The 
body  of  the  instrument  may  be  turned  and  clamped  in  any 
position  by  the  screw  a. 
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The  adjustments  are  very  similar  to  those  of  the  high 
resistance  galvanometer. 


LESSON  XXVII. — Use  of  the  Slide  Metre  Bridge — 
Method  I. 

59.  Exercise. — To  compare  the  resistances  of  two 
coils. 

Apparatus. — A  slide  metre  bridge,  Fig.  81.  Here  are 
seen  thick  bars  of  copper,  of  which  the  bars  MB,  KL,  EF, 
GH,  and  CN  are  fixed  permanently  to  the  base-board  a,  b, 
c,  d,  while  the  alternate  bars  BK,  LE,  FG,  and  HC  are 
movable  at  will,  being  simply  clamped  by  binding  screws 
at  B,  K,  L,  E,  F,  G,  H,  and  C. 


^7CL 


Fig.  81.— SLIDE  METRE  BRIDGE  (Elliott's  Pattern). 

Between  the  ends  M  and  N  a  thick  German  silver  wire 
is  soldered,  so  that  the  distance  between  the  portions  of 
the  ends  of  the  wire  just  clear  from  solder  is  equal  as 
nearly  as  possible  to  one  metre.  A  millimetre  scale  is 
fixed  along  the  middle  of  the  base-board  mounted  on  the 
top  of  a  block  of  wood,  which  raises  the  scale  some  45 
mm.  above  the  bridge  wire.  The  slider  D  may  be  placed 
at  any  position  along  the  scale,  and  this  position  read 
off  to  y1^  of  a  millimetre  by  observing  the  index  line 
drawn  on  the  upper  plate  of  the  slider.  When  the  knob 
of  the  slider  is  pressed,  metallic  contact  is  made  between 
the  slider  and  the  bridge  wire  by  means  of  a  small  notched 
plate  of  platinum,  which  is  pushed  from  underneath  the 
slider  into  contact  with  the  wire.  On  releasing  the 
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knob  a  spring  within  the  slider  ensures  the  breaking  of 
the  contact. 

Other  Apparatus. — Two  Leclanche  cells,  a  spring  key, 
a  low-resistance  galvanometer. 

Theory  of  the  Method. — The  chief  error  in  the  use  of 
the  bridge,  as  we  have  used  it  in  Lesson  XXI.,  lies  in 
assuming  that  the  resistance  of  the  thick  metallic  end 
portions  of  the  bridge  and  the  solderings  there  may  be 
neglected.  The  middle  portions  need  not  be  taken  into 
account  But  however  well  the  bridge  may  be  constructed, 
these  resistances  cannot  be  got  rid  of ;  we  must  therefore 
arrange  our  method  of  observation  so  that  they  may  either 
be  entirely  eliminated  or,  if  retained,  allowed  for.  The  first 
method  which  we  shall  give  is  not  a  perfect  one,  but  it 
is  sufficiently  good  for  many  measurements,  and  does  not 
assume  a  previous  knowledge  of  the  constants  of  the 
bridge.  Let  the  copper  rods  BK  and  HC  be  removed 
from  the  two  end  spaces,  and  the  resistances  P  and  Q 
inserted  in  their  place  (Fig.  82).  Suppose  that  P  and 


Fig.  82. — CONNECTIONS  FOR  METHOD  I. 

Q  are  balanced  against  each  other  in  the  ordinary  way, 
the  bridge  reading  being  xx.  Now  it  may  not  happen 
that  the  index  line  on  the  slide  is  exactly  over  the  part 
of  the  platinum  plate  that  makes  contact  with  the  bridge 
wire.  Let  A  be  this  error,  so  that  the  true  bridge  reading 
is  iCj  +  A..  Now  let  rt  be  the  resistance  of  the  thick  end 
of  the  bridge  at  which  P  is  placed,  and  r2  that  of  the 
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end  where  Q  is  placed,  all  in  terms  of  a  division  of  the 
bridge  wire.     Then 
P 


If  the  position  of  P  and  Q  be  reversed,  a  new  relation 
between  these  resistances  will  be  obtained,  as  under  — 


where  x2  is  the  new  bridge  reading.     Either  of  these  ex- 
pressions would  give  |  if  rv  r2  and  A  were  known. 

By  adding  the  numerators  together  and  the  denomi- 
nators together  we  obtain 

P     1000  +  r1+r2  +  (ie1  -aig) 
Q 


An  expression  which  is  free  from  A,  and  which  contains 
both  in  the  numerator  and  denominator,  the  (not  large) 
quantities  rx  and  r2  added  to  a  large  number. 

In  the  absence  of  definite  information  regarding  1\  and 
r2,  we  may  safely  disregard  them  in  expression  (3),  sub- 
stituting for  it  the  following  formula,  employed  by 
Siemens  :l  — 

P     1000  +  (a^-a;2) 

Q    lOOO-fo-ofe) 

It  will  be  found  from  (3),  by  assuming  values  for  rlt  r2 
and  xl9  x2,  that  the  greater  a^  -  x2  is  the  greater  will  be 
the  error  in  using  the  formula,  so  that  the  ratio  of  P  to 
Q  should  not  be  great  (see  Appendix  A.) 

Practice  of  the  Method.  —  Open  the  gaps  at  the  ends  of 
the  bridge,  and  at  P  and  Q  insert  the  resistances,  which 
we  shall  suppose  to  be  provided  with  copper  straps  by 
which  they  may  be  clamped  to  the  binding  screws,  the 
copper  straps  and  the  binding  screws  having  been  pre- 

1  See  Sabine,  The  Electric  Telegraph,  p.  312. 
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viously  cleaned  with  a  file  and  emery  paper.  Make  the 
connections  as  in  Fig.  82,  and  test  them  by  moving  the 
slider  first  to  0  and  then  to  1000,  making  battery  and 
galvanometer  contacts  at  each  place,  when,  if  the  connec- 
tions are  good,  the  deflections  should  in  the  one  case  be  to 
the  right  and  in  the  other  to  the  left.  (These  tests  should 
be  made  with  the  galvanometer  shunted.)  Next  observe 
whether  the  contact  of  the  platinum  of  the  slider  with 
the  German  silver  wire  gives  rise  to  a  thermo-current  suffi- 
ciently strong  to  cause  a  deflection  of  the  unshunted  gal- 
vanometer. This  may  simply  be  done  by  pressing  the 
knob  of  the  slider — the  battery  key  being  raised,  when 
a  deflection  will  certainly  be  obtained  if  the  galvanometer 
is  at  all  delicate.  This  thermo-current  becomes  a  source 
of  trouble  when  the  adjustment  of  the  balance  is  ap- 
proaching completion,  hence  we  must  consider  some 
method  by  which  the  effects  arising  from  it  may  be 
avoided.  There  are  three  such  methods  which  we  shall 
now  discuss. 

(1.)  The  position  of  the  galvanometer  and  battery  ex- 
hibited in  Fig.  82  is  that  usually  adopted  with  the 
slide  bridge.  Now  let  these  positions  be  inter- 
changed so  that  the  battery  wire  is  connected  with 
the  movable  contact.  No  doubt  it  has  been 
thought  that  when  the  galvanometer  and  battery 
are  thus  interchanged,  the  surface  of  the  bridge 
wire  may  become  injured  by  the  passage  of  the 
current.  But  since  the  currents  employed  are 
weak,  very  little  injury  can,  we  think,  be  caused 
in  this  way,  and  if  the  interchange  be  made,  the 
thermo-current  at  the  movable  junction  is  simply 
united  with  that  from  the  battery  either  acting 
with  it  or  against  it.  We  shall  not,  however,  even 
now  be  free  from  thermo-currents,  for  they  may 
still  be  produced  at  the  ends  of  the  bridge  where 
the  German  silver  wire  comes  in  contact  with  the 
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copper.  Such  currents  may,  however,  be  to  a 
great  extent  avoided  by  packing  the  ends  of  the 
bridge  with  cotton  wool  so  as  to  keep  these  places 
at  a  constant  temperature. 

(2.)  A  second  method  (the  connections  being  as  in  Fig. 
82)  is  to  place  in  the  battery  circuit  a  commutator, 
by  which  the  current  may  be  reversed,  and  to  ob- 
tain a  balance  for  the  two  directions  of  the  current. 
In  the  one  case  the  thermo-current  will  aid,  while 
in  the  other  it  will  oppose  the  battery-current,  and 
hence  the  mean  of  the  two  will  give  a  correct 
result.  It  is  here  assumed  that  the  thermo-current 
remains  constant  during  the  time  of  application  of 
the  test — hence  it  will  be  necessary  to  protect  the 
slider  from  the  heat  of  the  hand  as  much  as  possible 
by  wrapping  cotton  wadding  around  it. 

(3.)  The  second  method  involves  a  double  reading  of 
the  bridge,  but  this  may  be  avoided  by  proceeding 
as  follows  : — Making  the  ordinary  connections  (Fig. 
82),  obtain  a  balance  as  nearly  as  possible  in  the 
usual  way  by  first  pressing  the  battery  key  and 
then  the  movable  contact.  Now  keep  the  latter 
pressed  down,  the  former  being  raised,  and  allow 
the  galvanometer  to  come  to  rest  under  the  action 
of  the  thermo-current.  Let  the  battery  key  be 
now  pressed,  if  a  different  deflection  is  produced, 
which  is  permanent,  it  shows  that  the  balance  is  not 
perfect,  and  that  further  adjustment  is  necessary. 
The  student  must,  be  warned  that  a  slight  transient 
deflection  in  the  opposite  direction  may  be  obtained, 
owing  to  the  self-induction  of  the  coils  in  the  circuit, 
but  this  must  be  disregarded.  Taking  these  pre- 
cautions, this  last  method  is  to  be  specially  recom- 
mended.1 

1  See  "  Results  of  a  Comparison  of  the  BA  units  of  Electrical  Resist- 
ance," by  G.  Chrystal  and  S.  A.  Saunder.     Report  B.A.,  1876,  p.  13. 
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Example. — Determination  of  resistance  of  coil  marked 
"  R2"  compared  with  standard  ohm  P. 


Left 
P 


=  493-4 


Right. 

ft 


g'-Z^lg'1^"  ^^^  ohm. 


LESSON  XXVIIL— Use  of  Slide  Metre  Bridge— 
(continued)  Method  II.1 

60.  Apparatus. — The  same  as  before,  with  the  addition 
of  mercury  cups  and  copper  straps  for  making  connections. 
Also  a  number  of  resistance  coils  provided  with  stout 
copper  terminals. 

Tlwory  of  tlie  Method. — Let  the  central  gaps  of  the  bridge 
be  opened,  and  the  resistances  P  and  Q  under  comparison 
placed  there,  also  in  the  end  gaps  place  two  other  coils 
R!  and  R2,  and  complete  the  connections  as  figured  (Fig. 


Fig.  83.— CONNECTIONS  FOR  METHOD  IL 

83).     When  a  balance  is  obtained,  leaving  A.  out  of  con- 
sideration, we  have 

P        r 


1  Adapted  from  Matthiessen  and  Hockin,  The  Laboratory,  pp.  343 
and  391  ;  and  Clerk  Maxwell,  vol.  i.  p.  402. 
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where  rv  r2,  and  xl  have  the  same  meanings  as  in  the  pre- 
vious method,  and  L  is  the  length  of  the  bridge  wire,  it 
being  supposed  that  rv  r2,  Rt  and  R2  are  expressed  in 
terms  of  a  division  of  this  bridge  wire.  On  reversing  P 
and  Q  we  obtain 

|=r2+\+L:*2       ....    (2) 


.  . 


Treating  (1)  and  (2)  as  in  the  last  lesson,  we  obtain 
P     rt  +  rgfR1 


.2  -f  Kj  +  K2  +  L  -  (Xj_  -  a?2) 


For  the  sake  of  brevity  let  rt  +  r2  +  Rj  +  R2  +  L  =  e,  and 
x1  —  x2  =  8  (being  the  difference  of  the  bridge  readings),  then 

?_e_±5  (4) 

Q~e-5 

This  will  be  the  working  formula.  It  may  be  simplified 
when  &  is  small  compared  with  c  by  dividing  the  numerator 
by  the  denominator,  and  neglecting  small  quantities  of  the 
second  order  ;  we  obtain  then 


The  effect  of  introducing  Rx  and  R2  is  virtually  to  increase 
the  length  of  the  bridge  wire  and  so  increase  the  delicacy 
of  the  method.  This  will  be  seen  from  the  following  ex- 
amples. The  greatest  possible  value  of  8  is  1000  mm.,  i.e. 
the  total  length  of  the  bridge,  and  the  least  value,  say 
0'2  mm.  Now  let  e  =  5000,  then  from  (4)  we  obtain 

P_5000  +  1000_3 

Q  "5000-  1000  ~2          ' 

which  gives  us  the  maximum  ratio  of  P  to  Q  for  which 
this  method  is  applicable. 
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Again  from  (5)  we  obtain 


which  gives  us  the  minimum  ratio  of  P  to  Q  for  which 
the  method  is  applicable. 

Let  e=  10000.         In  this  case  the  greatest  ratio  is  1'22 

the  least  1 '00004. 

Let  e  =  200000.       In  this  case  the  greatest  ratio  is  1 '01005 
the  least  1  '000002. 

We  thus  see  that  the  effect  of  increasing  c  is  to  decrease 
the  range  of  applicability  of  the  method,  but  at  the  same 
time  to  increase  the  accuracy  of  the  comparison,  inasmuch 
as  under  these  circumstances  the  extreme  bridge  readings 
correspond  to  a  continually  decreasing  range  of  proportional 
difference  between  the  resistances. 

Before  the  preceding  formula  can  be  applied  it  will  be 
necessary  to  determine  rv  r2,  Rj  and  R2. 

Deteiinination  of  1\  and  ry — Let  us  suppose  the  connec- 
tions of  Fig.  82  to  be  made,  P  and  Q  being  two  coils  of 
known  resistance,  whose  ratio  is  about  100  to  1,  then 

P_       rl  +  x,  m 

Q~ 
and,  on  reversing, 


Q~ 
From  (1)  and  (2)  we  obtain 


Q(1000-^)-P(lOOO-^) 
P-Q 

From  (1)  and  (2)  we  may  also  obtain  the  value  of  r.  +  ?- 
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thus,  by  the  addition  of  the  numerators  and  denominators, 
we  have 

P    r1  + 


Q    r1  + 
From  which  we  have,  by  compounding, 


P-Q-        xt-x, 

or  p+o 

...     (7) 


Determination  of  Rl  and  E2.  —  Make  the  connections  of 
Fig.  83,  but  remove  R2  and  substitute  for  it  the  copper 
rod  that  is  provided  for  bridging  the  gap.  Taking  read- 
ings with  P  and  Q,  that  is,  with  coils  of  known  resistance, 
we  obtain 


Q    ^  +  (1000-^) 
whence 

E!  =  ^(1000  -  xl  +  r2)  -  xl  -  rr 

In  like  manner  we  may  determine  K2. 

Practice  of  the  Method.  —  The  only  additional  practical 
information  necessary  to  give  is  that  regarding  the  use  of 
mercury  cups  as  connectors.  This  method  of  making  con- 
nections is  found  to  give  contacts  whose  resistance  is  both 
very  small  and  very  constant,  provided  that  the  following 
precautions  are  observed  :  (1.)  Each  mercury  cup  must  be 
provided  with  a  disc  of  copper  fastened  to  its  bottom. 
This  disc  must  be  well  amalgamated.  (2.)  The  ends  of  the 
copper  rods  with  which  the  resistances  are  provided  must 
likewise  be  well  amalgamated,  and  arranged  so  as  to  press 
firmly  against  the  plates  at  the  bottom  of  the  cups  by  means 
of  clamps  or  elastic  bands.  The  mercury  cups  may  be 
made  simply  by  boring  holes  in  a  piece  of  varnished  wood, 
connection  from  the  binding  screws  of  the  bridge  being 
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made  by  thick  copper  bars  having  one  end  clamped  under 
the  screw,  and  the  other  dipping  into  the  cup. 
Example.  —  Determinations  of  ^  and  ry 

p=101,  Q  =  i. 

Left  Right. 

P          ^  =  992-4  Q, 

Q         x*=     7-8  P, 
992-4-787-8 

'1=  --  loo  -  =2>046> 

992-2-767-6 
r.2=-    —      --  =2-246, 


This   calculation  was  checked  by  formula  (7)  as  fol- 
lows :  — 

109 
rL  +  rt~  984-6  -1000  =  4'29. 

Determination  of  Rj  and  R2. 

?  =  10,    ^  =  508-5, 


R!  =  10(1000  -a^-a^  +  lOr-g-r^  4427. 

This  result  was  checked  by  measuring  the  resistance  of 
the  whole  length  of  the  bridge  wire  by  a  second  Wheat 
stone  bridge.  The  total  resistance  of  the  bridge,  including 
the  ends,  was  0*234  ohm,  hence  the  value  of  a  division, 
taking  the  value  of  the  ends  as  4  -3,  is 

'234 

=  -000233  ohm  per  division. 


1004-3 

The  resistance  of  Rx  was  found  by  the  bridge  to  be 
1'0335  ohm,  which  is  equivalent  to  ^jj3  =  4435  divisions. 

Rx  was  taken  as  the  mean  of  4427  and  4435  =  4431 
divisions. 

R2  was  similarly  found  to  be  4360  divisions. 

Value  of  e. — We  have 

e  =  Rj  +  R2  +  rj  +  r2  + 1000  =  4431  +  4360  +  4 -3  + 1000  =  9795 -3. 
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(For  convenience  of  calculation  R2  was  increased  until  e 
became  10,000  nearly.) 

Comparison  of  Resistances. 

Resistance  P  compared  with  a  standard  ohm. 


LESSON  XXIX. — Use  of  Slide  Bridge — Carey  Poster's 
Method. 

61.  Exercise. — To  measure  the  resistance  of  a  coil  that 
is  nearly  equal  to  a  standard  ohm,  by  Carey  Foster's 
method,  and  to  determine  its  temperature  coefficient. 

Apparatus — The  experience  gained  by  the  student  in 
the  foregoing  lessons  will  have  shown  him  that  the  bridge 
arrangements  already  described  require  some  very  desire- 
able  improvements,  especially,  (1.)  A  better  slider,  per- 
mitting a  more  accurate  adjustment,  and  provided  with  a 
vernier  for  reading  off  its  position.  (2.)  A  bridge  wire 
of  non-oxidisable  material,  drawn  with  care,  so  as  to  be 
of  the  same  diameter  throughout,  and  of  sufficient  hard- 
ness not  to  become  injured  by  the  pressing  upon  it  of  the 
contact-piece.  (3.)  Some  convenient  method  of  inter- 
changing the  coils  without  displacing  them  from  the  mer- 
cury cups.  (4.)  Suitable  water  baths,  for  keeping  the 
coils  under  measurement  at  a  constant  temperature. 

(I.)  A  bridge  is  exhibited  in  Fig.  84  which  will  satisfy 
the  first  two  conditions.  A  rod  mn,  supported  at  the  two 
ends  of  the  bridge  so  as  to  be  capable  of  being  moved 
longitudinally  by  means  of  the  screw  s,  passes  through  an 
opening  at  the  back  of  the  slider  (Fig.  85),  and  may  be 
clamped  to  the  slider  by  means  of  the  screw  c.  When  the 
clamp  screw  c  is  unfastened,  the  slider  with  the  connecting- 
wire  d  may  be  moved  from  one  end  of  the  bridge  to  the 
other  quite  readily,  but  when  c  is  clamped  the  slider  can  only 
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be  moved  by  turning  the  screw  s,  thus  allowing  a  fine  ad- 
justment movement  of  about  an  inch.  The  contact-piece, 
when  pressed  by  the  knob  k  against  the  wire,  may  be  held 


Fig.  84. — IMPROVED  SLIDE  BRIDGE. 

in  position  by  means  of  the  lever  /.  The  wire,  of  1  *5  mm. 
diameter,  is  made  of  platinum-iridium,  which,  in  addition  to 
its  sufficient  hardness  and  non-liability  to  oxidation,  has  a 
low  temperature  coefficient.  It  will 
be  seen  that  the  bridge  has  only 
a  central  gap  terminating  in  two 
copper  rods  a,  b,  which  are  intended 
to  fit  into  two  mercury  cups. 

(II.)  In  order  to  facilitate  the 
making  of  the  connections  and  the 
interchange  of  the  coils  a  switch 
board,  such  as  is  shown  in  plan 
(Fig.  86),  will  be  required.  A  B 
C  D  is  a  base -board  of  ebonite 
or  well  varnished  mahogany,  with 
four  large  mercury  cups,  m,  n,  m', 
and  n',  and  eight  smaller  cups,  a, 
b,  c,  d,  a',  V,  e',  d',  the  latter  fixed  "*  *-*" a"™' 
at  the  end  of  four  bars  of  copper,  with  which  they  are  in 
metallic  connection.  Bars  of  copper  connect  the  two  lower 


160 


PRACTICAL  PHYSICS. 


[CH. 


pairs  of  cups  either  to  two  mercury  cups,  into  which  the  ends 
of  the  bridge  are  brought,  or  the  connection  may  be  made 
by  means  of  the  clamp  screws  shown.  The  upper  bars  are 


1 

A 

i 

1 

^* 

.(fo)      0 

n± 

XE)      0 

^•^"x. 

III 


Fig.  86. — THE  SWITCH  BOARD  (S.  P.  Thompson's  Pattern). 

in  connection  with  plates  of  copper,  g  and  h,  each  provided 
with  two  binding  screws.  Finally,  a  bar  of  copper  with 
three  binding  screws,  &,  /,  pt  is  fixed  at  the  top  of  the 
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board.  Short  bars  of  copper  with  bent  ends  are  provided 
for  making  connections  between  the  large  and  the  small 
mercury  cups. 

(III.)  For  maintaining  the  coils  at  a  constant  tempera- 
ture during  the  measurement  they  must  be  kept  in  zinc 
cans,  through  which  a  current  of  water  is  flowing.  It  is 
found  that  the  temperature  of  the  water  from  the  town 
mains  is  sufficiently  constant  for  the  purpose.  The  cans 
should  be  provided  with  stirrers  and  thermometers. 

(IV.)  A  copy  of  a  standard  ohm  will  be  required.  The 
coil,  which  is  of  platinum  silver,  thoroughly  insulated  by 


Fig.  87.— STANDARD  RESISTANCE  COIL. 

silk  and  paraffin,  is  mounted  within  a  brass  case  AB  (Fig. 
87).  Its  ends  are  soldered  to  thick  copper  rods  r  and  / 
for  the  purpose  of  making  connections  with  mercury  cups. 
The  coil  is  at  the  lower  portion  of  the  case  B,  the  upper 
portion  A  being  filled  in  with  paraffin  up  to  the  top  P. 
VOL.  II.  M 
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A  hole  t,  for  the  reception  of  a  thermometer,  runs 
through  the  case.  The  standard  is  accompanied  by  a 
certificate,  giving  the  temperature  at  which  it  is  correct, 
the  temperature  coefficient,  and  instructions  to  be  observed 
in  using  the  ohm.  The  following  is  a  copy  of  such  a 
certificate  relating  to  a  standard  BA  coil  :  — 

No.  38.     Right  at  16°-5. 

The  resistance  of  this  coil  at  the  temperature  of  16° '5  C.  is  equal  to 
ONE  BA  UNIT, 

representing  one-^^    —  x  107  (electro-magnetic  absolute  measure). 

The  coil  is  made  of  an  alloy  of  platinum  and  silver,  and  Avithin  5° 
on  either  side  of  the  above  temperature  the  resistance  varies  "031  per 
cent  for  each  degree  centigrade,  increasing  with  the  increase  of  tem- 
perature. The  temperature  of  the  coil  should  be  observed  by  noting 
the  temperature  of  water  in  which  the  lower  portion  (up  to  the 
shoulder)  is  to  be  placed.  The  water  must  be  stirred  from  time  to 
time.  The  coil  is  heated  by  every  observation,  and  no  two  accurate 
observations  can  be  made  within  ten  minutes  of  each  other.  No 
current  should  be  allowed  to  pass  through  the  coil  from  a  powerful 
battery,  nor  from  a  weak  battery  except  for  very  short  periods. 

Mercury  cups  are  supplied  for  connecting  the  coils  with  other  con- 
ductors. Before  using  the  coil  the  ends  of  the  copper  wire  and  the 
copper  plates  in  the  mercury  cups  should  be  reamalgamated.  To  do 
this,  dip  the  ends  of  the  wire  and  the  plates  into  a  solution  made  by 
dissolving  mercury  in  nitric  acid  (taking  care  that  a  little  metallic 
mercury  be  always  present  in  the  solution).  Then  wipe  the  wires  and 
plates  with  blotting  paper,  when  they  will  be  found  covered  with 
brilliant  metallic  mercury.  The  mercury  in  the  cups  should  be  clean. 

The  following  is  the  form  of  the-  certificate  relating  to 
the  new  standards: — 

This  is  to  certify  that  the  resistance  coil  X  has  been  tested  by  the 
Electrical  Standard  Committee  and  that  its  value  at  a  temperature  of 
4°  C.  is  P  Legal  Ohms. 

It  has  been  assumed  for  the  purpose  of  this  comparison  that  1  Legal 
Ohm  is  equal  to  T0112  BA  units. 

(V.)  Other  Apparatus  Required. — Supply  of  hot  water, 
galvanometer,  battery,  and  key. 

Theory  of  the  Method. — Make  the  connections-  figured 
(Fig.  88),  where  P  and  Q  are  the  coils  which  it  is  wished  to 
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compare,  while  Rx  and  R9  are  two  resistances  approximately 
equal  to  P  or  Q.  The  reading  will  thus  be  brought  to  the 
centre  of  the  bridge.  When  a  balance  is  established  we  have 

m 


where  xl  is  the  bridge  reading,  p  is  the  resistance  of  a 


1  ,  i  ,  I  ,  i  ,  i  ,  t  .  i  ,  i  ,  i  .  i  .  t 

t___A 

Fig.  88. — CONNECTIONS  OF  METHOD  III. 

division  of  the  wire,  and  L  is  the  total  number  of  divisions. 
Reverse  the  position  of  P  and  Q,  then  we  have 


x2  being  the  new  bridge  reading. 
From  (1)  we  have 

RI  P+ 

R!  +  RO     P  +  Q  +  rj  +  ^  +  Lp 

and  from  (2)  we  have 


From  (3)  and  (4)  we  get 


hence  Q-P=X«i-ai)     '  "  •'  ^'   •       -       •    (5) 

an  expression  which  is  independent  both  of  the  length  of 
the  bridge  and  of  the  resistance  of  its  ends,  and  which 
gives  us  the  difference  between  the  two  resistances  in 
terms  of  the  difference  of  the  bridge  readings  and  of  the 
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resistance  of  unit  of  length  of  the  bridge  wire.  This  for- 
mula is  hence  one  of  extreme  simplicity  and  convenience. 
When  P  is  of  unit  resistance,  we  obtain 

Q  =  l+p(x1-x2)  .         .         .     (6) 

Practice  of  the  Method. — The  appropriate  connection  must 
first  be  made  by  help  of  Figs.  86  and  88.  The  coils  E(I  and 
E2,  each  of  about  an  ohm,  will  not  have  to  be  displaced,  and 
must  have  their  ends  clamped  under  the  binding  screws. 
It  is  important  that  these  coils  be  kept  at  a  uniform 
temperature,  hence  it  is  better  that  they  should  be  wound 
together  and  placed  in  the  same  water  bath.  P  and  Q,  the 
coils  under  comparison,  must  have  the  ends  of  the  copper 
rods  forming  their  terminals  well  amalgamated,  and  they 
are  then  placed  in  the  large  mercury  cups.  Clamps  or  elastic 
bands  should  be  used  to  press  the  rods  firmly  to  the  bottoms 
of  the  mercury  cups.  A  stream  of  water  from  the  town 
mains  should  be  passed  through  the  water  baths,  and  read- 
ings taken  of  the  bridge  and  the  thermometers.  Next,  the 
position  of  the  copper  connectors  must  be  changed  and  a  new 
observation  taken.  We  must  now,  as  advised  by  Fleming, 
raise  the  temperature  of  the  bath  containing  the  coil  Q  to 
about  20°  C.  above  the  temperature  of  P,  and  allow  the 
temperature  to  fall  slowly  some  5  degrees,  by  which 
time  the  temperature  of  the  coil  will  probably  be  that  of 
the  bath.  Readings  are  then  taken  in  the  two  positions  of 
the  switch  as  before.  The  value  6f  the  observations  will  de- 
pend largely  upon  the  attention  that  has  been  given  to  the 
regulation  of  the  temperature  ;  the  wire  being  embedded  in 
paraffin,  its  temperature  will  not  be  known  within  0°'l  C., 
which,  however,  will  only  cause  an  error  of  about  '002  per 
cent.  To  ascertain  when  the  temperature  of  the  wire  is 
equal  to  that  of  the  bath,  the  arrangement  suggested  by 
Chrystal  of  placing  a  properly  insulated  junction  of  a 
thermo-electric  couple  as  near  as  possible  to  the  wire,  the 
other  junction  being  fixed  to  the  outer  casing  of  the  coil, 

' 


iv.]  THE  MEASUREMENT  OF  RESISTANCE.  165 

may  be  adopted.  When  the  junctions  are  at  the  same 
temperature  a  galvanometer  included  in  their  circuit  will 
show  no  current. 

Example. — 

(l)LeftP  Right  Q  Reading     598'0 

„  Q  „     P  490-2 


Temperature  12°  C.  Difference  107  "8 

p=  -00022.     P  correct  at  16°  C.     Temperature  Coefficient  =  '03. 
Q  -  P  =  -00022  x  107  -8  =  '0237. 

P  =  l-(4x  -0003)  =-9988. 
Q=  -9988+  -0237  =  1-0225  ohm. 

(2)  P  at  12°  C.  Q  at  27°  C.  Difference  of  Reading  =  1  23'5. 

Hence  the  coil  Q  of  1  '0225  ohm  has  increased  in  resistance  by  (123  '5  - 
107  -8)  '0002=  '00314  ohms  when  its  temperature  has  been  raised  from 
12°  to  27°,  or  through  15°.  Hence  the  temperature  coefficient  is  per 
cent  per  degree  equal 


1-0225x15 

Determination  of  p.  —  We  must  next  consider  some 
method  for  finding  the  value  of  />. 

Method  I.  —  Obtain  a  resistance  Q  somewhat  less  than 
that  of  the  bridge  wire,  and  balance  it  against  a  resistance 
P,  consisting  of  a  thick  copper  bar  whose  resistance  may 
be  neglected,  then 

q 

but  P  =  0  nearly,  hence 


If  Q  has  a  small  value,  some  special  method  of  deter- 
mining its  resistance  must  be  used. 

Method  II.  —  As  in  equation  (7),  let  us  obtain 

Q=P8l        ...--.       .        .    (8) 

where  Q  is  a  resistance  somewhat  smaller  than  that  of  the 
bridge  wire,  and  ^  is  the  difference  of  readings. 

Place  Q  in  multiple  arc  with  a  standard  unit  P,  and 
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balance  the  combination,  as  in  the  previous  case,  against  a 
negligible  resistance  ;  then,  since  P  and  Q  are  in  multiple 
arc,  their  united  resistance  will  be  ^j-P',  and  hence  we 
shall  have 


where  S2  is  the  difference  of  readings. 

Eliminating  Q  between  (8)  and  (9),  we  obtain 


and  thus  />  would  be  directly  known,  in  terms  of  the 
standard  unit. 

Method  IIL  —  Measure  the  resistance  of  the  bridge  wire 
directly  by  means  of  another  bridge  in  which  rl  and  rz  are 
known.  Then  find  p  by  dividing  the  total  resistance  by 
the  total  equivalent  length  of  bridge  wire  and  ends. 

Calibration  of  the  Bridge  Wire.  —  In  the  preceding  methods 
it  has  been  assumed  that  the  resistance  of  the  bridge  wire 
is  constant  throughout.  We  cannot,  however,  be  sure  of 
this,  and  hence  we  must  calibrate  the  wire.  The  following 
is  the  method  devised  by  Carey  Foster  for  this  purpose. 

The  bridge  wire  EF,  in  order  to  be  calibrated,  must 
be  connected  with  a  second  bridge  wire  E'F',  after  the 
manner  of  Fig.  89.  The  gaps  of  the  bridge  at  A  and  D 


.  89.—  CALIBRATION  OF  BRIDGE  WIRE. 


are  closed  by  two  resistances  ;  that  at  A,  the  "  connector"  is 
as  small  as  possible,  that  at  D  is  a  small  piece  of  wire 
whose  resistance  is  equal  to  that  of  the  length  of  EF, 
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which  we  wish  to  test.  This  is  called  the  "gauge" 
The  movable  contacts  m  and  n  are  connected  with  the 
galvanometer.  The  process  is  as  follows: — 

(1.)  m  is  placed  very  near  F,  and  then  n  is  moved  until 

a  balance  is  obtained. 
(2.)  The  connector  and  gauge  are  now  interchanged, 

and  m  is  moved  until  a  balance  is  restored. 
(3.)  The  connector  and  gauge  are  restored  to  their  first 
positions,  and  n  moved  so  as  once  more  to  produce 
a  balance. 

These  processes  are  repeated  until  m,  by  successive 
steps,  is  brought  near  to  E  and  n  near  to  E',  and  then 
both  EF  and  E'F'  will  have  been  divided  into  short  pieces  of 
equal  resistance,  while  between  the  resistance  of  one  piece  of 
the  one  bridge  and  that  of  one  piece  of  the  other  there  will 
be  a  constant  ratio.  This  we  shall  now  proceed  to  show. 

Let  the  resistances  of  the  several  parts  (see  Fig.  90) 
be  as  follows  : — 

That  of  gauge  =  G,  of  EF  =  L. 
Connector       =  C,  of  E'F'  =  L'. 
Permanent  connectors  between  a  and  E  =e. 
„    '  a  and  E'  =  c'. 
b  and  F  =/. 


|  ^CrOt. 

S'-*  r'—+]/                F 

e' 

*       f 

l 

•r  •    '     »•> 

JJJ  WA  jjfi 

•^— -"--X* "^    L__ ^~(j(tl. 

Fig.  90. 

Call  the  resistance  of  Em  =  r  and  of  E'/i  =  ?•'. 
Let  us  first  suppose  that  the  connector  and  gauge  are 
in  the  position  figured  ;  then  we  have 

C+e  +  r  e'  +  r' 

G+/+ir-r~~/'  +  L'-r'    ' 
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Now,  interchange  G  and  C,  and  move  n  (m  remaining 
undisturbed)  until  a  balance  is  obtained  ;  then  we  have 

G  +  e  +  r  e'  +  r\ 

G+f+L-r   f  +  L'-r\  ' 

where  r\  is  the  resistance  between  E'  and  the  new  position 
of  n,  so  that  r\  -  r'  =  resistance  of  the  portion  of  the 
bridge  E'F'  that  n  has  passed  over.  From  (1)  and  (2) 
we  obtain 


If  now  C  and  G  be  again  interchanged,  and  m  be  moved 
until  the  balance  is  again  established,  then  by  Foster's 
ordinary  formula  (5),  (p.  163),  G  -  C  is  equal  to  the  re- 
sistance of  that  portion  of  EF  that  m  passes  over,  also 
we  see  from  (3)  that  G  -  C,  as  well  as  its  multiplier,  is 
constant.  But,  r\  -  r'  being  the  resistance  of  the  part 
moved  over  by  %,  it  follows  from  (3)  that  this  is  necessarily 
constant,  inasmuch  as  it  is  equal  to  the  product  of  two 
constant  quantities.  Moreover  r\  -  r'  and  G  -  C  will  be 
the  resistances  passed  over  at  the  successive  steps  of  n 
and  m.  Accordingly  both  EF  and  E'F'  will  be  divided 
into  parts  of  equal  resistance,  so  that  two  bridges  may  be 
calibrated  at  the  same  time. 

Example.  —  Two  bridges,  which  had  been  in  use  for 
some  time,  were  calibrated.  It  was  found  necessary  to 
take  special  precautions  to  avoid  thermo-electric  currents, 
which  had  a  tendency  to  be  produced  at  the  two  sliding 
contacts  and  at  the  ends  of  the  bridge.  The  effect  of 
these  currents  at  the  sliding  contacts  was  eliminated  by 
method  (3),  p.  152,  and  that  of  the  currents  from  the  ends 
of  the  bridge  by  the  use  of  a  commutator  in  the  battery 
circuit.  The  following  table  exhibits  the  mean  of  the 
readings  :  — 
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Reading 
Bridge  EF. 

Difference. 

Reading 
Bridge  E'F. 

Difference. 

0 

157 

897 

897  (a) 

312-2 

155-2  (a) 

180-6 

90-9  (b) 

467-8 

155-6(6) 

273-8 

93-2  (c) 

623-1 

155-3  (c) 

363-6 

89-8  (d) 

776-5 

153-4  (d) 

453-3 

897  (e) 

930-9 

154-4  (e) 

545-0 

917(/) 

1090 

159-1  (/) 

639-0 

94-0  (g) 

12477 

1577  (g) 

730-5 

91  -5  (h) 

1400-1 

152-4  (h) 

820-8 

90-3  (£) 

1555-9 

155  '8  (k) 

914-0 

93'2  (I) 

1711-2 

155-3  (I) 

Taking  the  resistance  of  the  bridge  EF  from  0  to  914 
as  '213  ohm,  this  will  be  the  sum  of  the  resistances  of 
the  various  parts  (a)  +  (b)  +  (c),  etc. 

Now,  since  each  of  these  has  the  same  resistance,  the 
resistance  of  any  one  of  them  will  be  -^  =  '0213. 

We  must  now  draw  up  a  table  exhibiting  the  value  of 
the  resistance  of  one  division  of  the  bridge  at  the  various 
parts  by  dividing  '0213  by  (a),  (b),  (c),  etc.  These  values 
are  given  below. 


Part  of  Bridge. 

0  -  89-7 
897-180-6 
180-6-273-8 
273-8-363-6 
363-6-453-3 
453-3-545 
.545  -639 
639  -730-5 
730-5-820-8 
820-8-914 


Value  of  p. 

•0002374 
•0002343 
•0002286 
•0002372 
•0002374 
•0002323 
•0002266 
•0002328 
•0002359 
•0002286 


62.  Additional  Exercises. — (1.)  Mount  half  a  metre  of 
No.  34  B.  W.  G.  platinum  wire  coiled  in  a  spiral  within  an 
oil  bath,  and  determine  the  resistance  at  various  temper- 
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atures.     Draw  a  curve  of  the  results,  also  find  the  con- 
stants in  the  formula 


where  R  is  the  resistance  at  the  temperature  T,  reckoned 
from  the  absolute  zero  (  -  273°  C.),  and  a,  /3,  and  y  are  the 
required  constants.  Compare  your  results  with  those  of 
Siemens,  whose  paper  should  be  consulted  —  "  Electrical  Re- 
sistance Thermometer  and  Pyrometer,"  by  C.  W.  Siemens. 
See  Transactions  of  the  Society  of  Telegraph  Engineers,  1875. 
(2)  Make  an  ohm  coil  by  the  shunt  metJwd  as  follows  :  — 
A  length  calculated  to  within  '5  cm.  is  cut  off  from  a  sample 
of  thick  insulated  wire,  of  which  the  resistance  per  cm. 
is  approximately  known,  2  per  cent  being  added  to  the 
length  before  the  wire  is  cut  off.  Solder  and  compare 
with  a  standard  unit  by  Foster's  method.  We  want  now 
to  find  what  must  be  the  resistance  of  a  shunt  coil  in  order 
that  when  combined  with  the  coil  that  has  been  measured 
(and  which  is  rather  greater  than  an  ohm),  the  two  in 
multiple  arc  may  be  exactly  1  ohm  in  resistance.  Let  Rj 
be  the  resistance  of  the  first  rough  approximate  coil,  and  S 
the  resistance  of  a  shunt  coil  which  will  reduce  Rj  to  unit 
resistance,  then 


^ 

or 


-.B.-1' 

Thus  Tl  metre  of  No.  24  B.  W.  G.  German  silver  wire  oi 
'56  cm.  diameter  was  cut  off'  and  soldered.  R!  =  1*0304, 
temperature  17°*2,  S  =  33*9.  Next  7*05  metre  of  German 
silver  of  No.  36  B.  W.  G.  at  20*8  cm.  per  ohm  was  cut  off, 
and  without  further  measurement  soldered  to  the  terminals 
of  Rj.  The  combination  measured  1*008  at  17°*3  C.  See 
Professor  S.  P.  Thompson  "  On  the  Adjustment  of  Resist- 
ance Coils,"  Pro.  Phys.  Soc.,  vol.  vi.  p.  47. 
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63.  Modified  Forms  of  the  Slide  Bridge. — The  form  of 
bridge  which  we  have  called  the  slide  bridge  is  due  to 
Kirchhoff.  This  form  being  the  most  suitable  for  the  com- 
parison of  standard  coils,  electricians  have  devoted  much 
attention  to  the  improvement  of  its  construction.  A  few 
of  their  memoirs,  with  accompanying  references,  are  outlined 
below  : — 

(1.)  "On  the  Reproduction  of  Electrical  Standards,"  by  A. 
Matthiessen  and  C.  Hockin,  B.  A.  Report,  1864,  p.  352. — A 
platinum-iridium  wire  used.  Sledge  of  lead  with  platinum 
contact.  Sledge  ran  on  a  tramway  parallel  to  wire. 

(2.)  Siemens  (Wiedemann,  Elektricitat  (1882),  vol.  i.  p. 
453)  uses  the  same  method  of  moving  the  slider  that  we 
have  given  in  the  last  lesson,  and  describes,  in  conjunction 
with  Dahms,  a  mercury  cup  commutator. 

(3.)  "Electrical  Balance  for  Reproduction  of  Exact 
Copies  of  the  Standard  of  Resistance,"  by  Fleeming  Jenkin, 
B.A.  Report,  1862. — The  bridge  being  mainly  required  for 
making  copies,  has  only  a  short  length,  and  is  used  with 
proportional  coils. 

(4.)  "A  New  Form  of  Resistance  Balance  adapted  for  com- 
paring Standard  Coils,"  by  Dr.  Fleming,  Pro.  Phys.  Soc.,  vol. 
iii  p.  174. — Here  a  circular  disc  of  mahogany  has  a  semicir- 
cular groove  turned  in  its  circumference.  A  platinum-iridi- 
um wire  is  laid  evenly  in  the  groove.  Contact  is  made  by  a 
platinum-iridium  wedge  fixed  to  a  radial  arm.  A  series  of 
mercury  cups  are  used  for  the  connections,  and  are  so 
arranged  that  the  interchange  of  the  coils  may  be  brought 
about  by  lifting  the  legs  of  the  coils  and  replacing  them  in 
adjacent  mercury  cups.  A  very  high  degree  of  accuracy 
may  be  attained  with  this  bridge,  which  has  been  much 
used  for  verifying  copies  of  the  legal  ohm. 

(5.)  "  On  a  Modified  Resistance  Balance,"  by  Professor 
S.  P.  Thompson,  Pro.  Phys.  Soc.,  voL  vi.  p.  121. — Returns  to 
the  straight  form  of  bridge,  with  a  length  of  two  metres. 
Two  wires  are  stretched  on  the  bridge,  a  thick  German 


172  PRACTICAL  PHYSICS.  [CH. 

silver  one  of  *24  ohm,  and  a  finer  platinum-silver  one  of 
8 '2  ohms.  Either  wire  may  be  used  at  pleasure  by  the  use 
of  a  switch.  A  series  of  mercury  cups  are  used  for  the 
connections,  arranged  in  the  manner  that  has  been  described 
in  the  last  lesson. 

(6.)  "  On  a  Practical  Point  in  connection  with  the  Com- 
parison of  Resistance,"  by  W.  N.  Shaw,  Pro.  Phys.  Soc., 
vol.  vi.  p.  71. — Describes  how  the  coils  may  be  inter- 
changed by  rotating  a  crank  to  the  right  or  left. 

64.  Rheostats. — An  arrangement  permitting  us  to  in- 
crease or  diminish  gradually  the  resistance  in  a  circuit 
without  the  sudden  changes  that  are  occasioned  when  a 
box  of  coils  is  used  has  many  and  important  applications  in 
electrical  measurements.  Several  electricians  have  at- 
tempted to  produce  a  satisfactory  rheostat,  as  this  instru- 
ment is  called.  Wheatstone  employed  for  this  purpose 
two  cylinders,  one  of  brass  and  the  other  of  wood,  on 
the  latter  of  which  a  spiral  groove  was  cut,  the  resistance 
being  gradually  varied  by  winding  an  uninsulated  wire 
from  the  wood,  where  the  several  coils  were  insulated 
from  each  other,  to  the  brass  where  short-circuiting  was 
produced.  The  arrangement  is  defective  both  on  account 
of  the  injury  to  the  wire  in  winding  and  the  uncer- 
tainty of  the  contact  with  the  brass.  A  less  known 
but  far  better  form  was  also  used  by  Wheatstone,1 
in  which  the  wire  of  the  rheostat  is  laid  once  for 
all  in  a  spiral  groove  turned  in  an  insulating  cylinder. 
The  groove  was  of  less  depth  than  the  diameter  of  the 
wire,  so  that  the  latter  projected  somewhat.  When  the 
cylinder  was  turned  (it  was  mounted  on  a  horizontal  axis) 
a  small  contact  wheel  was  made  to  travel  by .  the  screw 
action  of  the  spirally  laid  wire  along  a  fixed  rod.  In 
this  way  different  lengths  of  the  wire  could  be  included  in 

1  See  the  Physical  Society's  reprint  of  Wheatstone's  Scientific 
Memoirs  for  a  description  of  the  two  forms  of  Wheatstone's  rheostat. 
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the  circuit.  The  arrangement  is  not  free  from  objection, 
owing  to  the  fact  that  the  contact  between  the  wheel  and 
the  wire  may  not  be  always  equally  good.  Several 
rheostats  have  been  made  on  the  principle  of  stretching 
two  wires  horizontally  on  a  board,  and  short-circuiting  more 
or  less  of  the  wire  by  means  of  a  massive  metal  block  or 
by  means  of  a  vessel  containing  mercury.  Such  is  the 
principle  of  the  rheostats  of  Poggendorff  and  du  Bois- 
Reymond.  Here  the  defects  due  to  contact  are  very  great. 
The  same  remark  will  apply  to  rheostats  constructed  on 
the  principle  of  immersing  different  lengths  of  platinum 
wire  in  a  vessel  of  mercury. 

A  rheostat  was  some  time  since  devised  by  one  of  the 
writers  of  this  work,  and  was  likewise  independently  in- 
vented and  described  by  Bidwell,1  on  a  principle  that  seems 
to  be  free  from  the  imperfections  of  those  we  have  mentioned. 
An  insulated  cylinder  (Fig.  91),  consisting  by  preference  of 


Fig.  91.— THE  RHEOSTAT. 

a  hollow  tube  of  ebonite  with  brass  ends,  has  a  spiral 
groove  in  which  a  German -silver  wire  is  laid.  So  far 
the  instrument  resembles  Wheatstone's  second  form,  but, 
unlike  it,  instead  of  being  mounted  to  revolve  without 

1  Phil. (>  Mag. ,  July  1886,  "On  a  Modification  of  Wheatstone's 
Rheostat,"  by  Shelford  Bidwell,  M.A.  It  appears  that  Jacobi  used  a 
similar  form,  see  Pogg.  Ann.,  Bd.  lix.  s.  145  (1843). 
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other  movement,  the  cylinder  is  provided  with  a  long 
brass  axle  AD,  upon  one  end,  AB,  of  which  a  screw  of 
the  same  pitch  as  that  of  the  cylinder  is  cut.  The  axle 
revolves  in  two  brass  bearings,  the  distance  between  them 
being  equal  to  twice  the  length  of  the  cylinder ;  and  one 
of  the  bearings  has  an  inside  screw  corresponding  with 
that  upon  the  axle.  Midway  between  the  bearings  is  the 
contact  E,  provided  with  a  notched  plate  of  platinum. 
Both  ends  of  the  spiral  wire  are  electrically  connected  with 
the  brass  axles,  and  thence  with  terminals  l)l  and  b3  upon 
the  base -board.  The  platinum  contact  is  directly  con- 
nected with  a  second  terminal  52  by  an  insulated  wire  a. 
When  the  cylinder  is  turned  it  travels,  owing  to  the  screw 
arrangement  in  the  left-hand  axis,  backwards  or  forwards, 
while  the  point  of  contact  of  the  platinum  remains  fixed  in 
space.  Thus  more  or  less  resistance  is  introduced  between 
the  two  terminals.  This  arrangement  obviates  the  several 
imperfections  due  to  Wheatstone's  rheostats,  for  (1.)  the 
wire  always  remains  fixed  and  does  not  leave  its  groove ; 
(2.)  there  is  no  lateral  stress,  as  in  Wheatstone's  second 
form,  tending  to  force  the  wire  out  of  the  groove ;  and  (3.) 
there  is  always  good  contact  between  the  platinum  and  the 
wire.  The  instrument,  shown  in  Fig.  91,  which  has  been 
made  for  the  Owens  College  Physical  Laboratory,  is  pro- 
vided with  a  fine  adjustment  screw  at  S,  enabling  the  plati- 
num contact  to  be  moved  through  a  small  distance,  which 
may  be  read  off  by  the  help  of  a  small  scale  on  the  upper 
part  of  E.  By  pressing  the  lever  L,  a  flat  piece  of  metal 
that  forms  the  nut  of  the  screw  is  withdrawn  from  the 
thread,  and  simultaneously  the  rod  r  is  turned  which  raises 
the  contact  from  the  wire,  thus  allowing  the  axles  to 
be  pushed  through  their  bearings  without  the  necessity  of 
turning  D.  This  enables  the  rheostat  to  be  quickly  set  at 
any  desired  position. 

65.   The  Multiple  Arc  Box. — By  arranging  a   resistance 
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box  so  that  the  resistance  coils  may  be  placed  in  multiple 
arc  instead  of  series,  it  is  possible  to  make  the  alteration 
of  resistance  in  a  circuit  as  gradual  as  may  be  desired.  A 
resistance  box  arranged  in  this  way  presents  in  a  combined 
form  many  of  the  advantages  of  both  a  rheostat  and  a 
box  of  coils.  For  example,  suppose  that  we  have  in  circuit 
a  coil  of  10  ohms,  and  that  it  is  wished  to  diminish  some- 
what the  resistance.  If  we  combine  with  the  10  ohms  a 
coil  in  multiple  arc  of  10,000  ohms,  the  joint  resistance 
is  :- 


10  +  10,  000 


By  the  successive  additions  of  coils  in  multiple  arc,  the  re- 
sistance may  be  diminished  until  a  particular  resistance, 


accurate  perhaps  to  the  hundred-thousandth  of  an  ohm,  is 
attained.  The  arrangement  most  generally  used  consists  of 
a,  number  of  coils  arranged  in  a  series  of  powers  of  2.  Figs. 
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92  and  93  show  10  coils  of  1,  2,  4,  8,  16,  32,  64,  128, 
256,  and  512  ohms  conveniently  mounted  for  use. 

By  placing  any  of  the  plugs  in  the  holes  on  the  right 
or  on  the  left  hand  of  EF,  the  corresponding  coils  will  be 


A 


s™ 


rj-g-p  <L"  p  o  —  • 


256 


®1D 


Fig.  93. 

joined  in  multiple  arc.     The  plug  hole  below  F  is  for  the 
purpose  of  short-circuiting  the  coils. 

In  calculating  out  the  value  of  any  combination,  much 
time  may  be  saved  by  the  use  of  a  table  of  reciprocals.1 
Thus,  suppose  that  the  coils  2,  8,  and  16  were  used,  then 
the  calculation  becomes  : — 


2  ohms 
8     „ 

16  „ 


Reciprocal. 
•5 

•125 
•0625 


Sum     -6875 


Reciprocal  of  sum -1'454  ohm. 


A  table  should  accompany  the  box,  exhibiting  the  effect  of 
the  more  important  combinations. 

1  Such  as  Barlow's  Tables  of  Squares,  Cubes,  Square  Roots,  Cube 
Roots,  and  Reciprocals  (Spon  &  Co.) 
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PART  IV. — MEASUREMENT  OF  VERY  Low  RESISTANCES. 

66.  The  Wheatstone's  bridge  is  unsuitable  for  this  pur- 
pose, for  when  the  resistance  to  be  measured  becomes  small, 
the  error  introduced  by  the  unavoidable  resistance  of  the 
contacts  becomes  more  important,  and  hence  it  is  desirable 
to  make  use  of  some  method  in  which  the  resistance  of  the 
contacts  may  vary  considerably  without  aifecting  the  result. 
Three  such  methods  that  have  been  devised  are — 

(1.)  The  method  of  Comparison  of  Potentials. 
(2.)  The  method  of  Projection  of  Equi-Potentials. 
(3.)  The  method  of  Auxiliary  Conductors. 

The  first  of  these  methods  was  in  use  before  the  inven- 
tion of  the  bridge.  Wheatstone  (Phil.  Trans.,  1843,  p.  323) 
attributes  the  principle  of  it  to  Petrini ;  the  second  is  due 
to  Matthiessen  and  Hockin,  and  was  employed  by  them  in 
determining  the  resistance  of  metals  in  the  form  of  bars 
(Laboratory,  1867,  p.  423),  while  the  third  was  invented 
by  Sir  Wm.  Thomson  ("New  Electrodynamic  Balance  for 
Resistance  of  Short  Bars  or  Wires,"  Phil.  Mag.,  4th  series, 
vol.  xxiv.,  1862,  p.  149). 

We  shall  describe  these  methods  in  order  in  the  follow- 
ing lessons. 

LESSON  XXX. — Method  of  Comparison  of 
Potentials. 

67.  Exercise. — To  find  the  resistance  of  '5  metre  of  No. 
20  S.  W.  G.  copper  wire,  and  thence  to  determine  its  specific 
resistance. 

Apparatus. — A  high  resistance  reflecting  galvanometer, 
ten  ^  ohm  coils  with  copper  connecting  pieces,  mercury 
cups  for  connecting  the  coils  in  multiple  arc.  A  Grove's 
cell  in  good  condition,  keys,  and  commutator.  Also  knife- 

VOL.  II.  N 
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edges  for  making   connections,   which   we   shall    describe 
presently. 

Theory  of  the  Method. — The  student  who  has  grasped 
the  principle  involved  in  the  proof  of  Ohm's  law  given 
in  Lesson  XX.  will  see  that  the  same  principle  may  be 
utilised  for  the  comparison  of  resistances.  Let  AC,  CB 
(Fig.  94)  be  two  resistances  connected  together,  the  length 
of  the  lines  being  proportional  to  and  thus  denoting  the 
resistance,  and  suppose  that  we  wish  to  compare  the  resist- 
ance denoted  by  ab  with  the  resistance  denoted  by  cd. 


Fig.  94. 

Connect  A  and  B  with  a  battery,  then  between  these  points 
there  will  be  a  fall  of  potential  which  may  be  graphically 
represented  by  BE,  the  slope  of  which  will  denote  the  rate 
of  change  of  potential.  The  difference  between  the  poten- 
tials at  a  and  b  will  thus  be  represented  by  the  difference 
between  aa'  and  bb' ;  let  us  call  this  difference  Vr  In  like 
manner  V2  may  be  taken  to  represent  the  difference  of 
potential  between  c  and  d.  But  evidently  (since  EB  is  a 
straight  line  by  Ohm's  law,  that  is  to  say,  since  difference 
of  potential  is  proportional  to  resistance) 

V      ab 


THE  MEASUREMENT  OF  RESISTANCE. 


179 


To  find  the  ratio  between  Vx  and  V2  it  is  sufficient, 
first,  to  place  at  the  point  a  one  of  the  electrodes  of  a 
galvanometer  whose  resistance  is  very  great  compared  to 
that  between  a  and  b,  the  other  electrode  being  at  b.  A 
deflection  Dj  will  be  produced.  On  transferring  the  elec- 
trodes to  c  and  d,  let  the  deflection  now  be  D2.  Then 


Here  evidently  the  resistance  of  the  contacts  need  not 
be  made  a  matter  of  special  concern,  for  in  the  circuit  in- 
cluding these  contacts  there  is  the  high  resistance  of  the 


Fig.  95. — CONNECTIONS  FOR  FALL  OF  POTENTIAL  METHOD. 

galvanometer.    It  will  be  remarked  too,  that  the  resistances 
at  A,  B,  and  C  are  not  involved  in  the  measurements. 

Practice  of  tlie  Method. — Make  connections  as  seen  in 
Fig.  95.  Here  the  battery  is  a  Grove's  cell,  Kj  is  a  com- 
mutator, K2  a  switch  key,  ab  the  '01  ohm  standard,  con- 
sisting of  ten  :1  ohms  placed  in  multiple  arc.  The  arrange 
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ment  of  these  coils  will  best  be  seen  in  Fig.  96,  where  the 
ten  coils  are  seen  mounted  on  wooden  reels,  and  provided 
with  copper  straps  at  their  lower  ends.  The  two  copper 
straps  belonging  to  each  coil  dip  into  the  channels  of  mer- 
cury terminating  in  two  large  mercury  cups  m,  n.  The 
mercury  channels  and  cups  have  well  amalgamated  sheet 
copper  fixed  to  their  bottoms.  Two  slotted  uprights  of 
metal,  having  a  wooden  rod  attached  to  them  by  thumb 


Fig.  96. — STANDARD  '01  OHM. 

screws  rr,  constitute  an  arrangement  for  supporting  the 
coils,  and  keeping  their  copper  straps  well  pressed  against 
the  bottom  of  the  channels.  Two  lateral  binding  screws, 
one  of  them  being  seen  at  the  front  of  the  figure,  are  in 
connection  with  the  channels.  Stretched  on  a  board  CD 
(Fig.  95)  is  the  wire  whose  resistance  is  required.  It  is 
provided  with  two  large  binding  screws  at  its  ends,  cd 
(Fig.  95)  is  a  rod  of  wood  having  two  binding  screws  bbf, 
whose  shanks  project  through  the  wood,  as  seen  in  Fig.  97. 
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The  end  of  each  of  these  screws  is  filed  to  a  knife-edge. 

One  of  the  binding  screws  is  movable  in  a  slot  s,  and  may 

be  clamped  in  any  position 

by  means  of  a  screw.     The 

knife-edges  are  placed  so 

as   to   rest    on    the   wire, 

the    rod    being    held    in 

place  by  the  arm  mn  (Fig. 

95),  so  that  the  knife-edges  just  press  on  the  wire.     R  is 

a  coil  of  high  resistance  placed  in  the  circuit  of  the  high 

resistance  galvanometer  G. 

The  connections  will  require  little  explanation,  the  letters 
abed  (Fig.  94)  corresponding  to  the  theoretical  diagram. 
The  purpose  of  the  switch  K2  is  that  the  galvanometer  may 
readily  be  connected  either  with  a  and  b  or  with  c  and  d  by 
moving  the  switch  in  the  one  direction  or  the  other. 

Precautions  in  using  the  Method. — There  are  two  sources 
of  error.  (1.)  The  rise  of  resistance  caused  by  the  increase 
of  temperature  produced  by  the  battery  current,  and  (2.) 
inconstancy  of  the  battery.  To  avoid  these  as  much  as 
possible  the  battery  current  must  be  made  for  only  the 
time  actually  required  to  take  the  readings.  It  will  be 
obvious  that  the  more  sensitive  the  galvanometer  the  less 
need  will  there  be  to  use  a  strong  current. 

Example. —  5  ohms  were  placed  in  the  circuit  of  the 
Grove's  cell,  and  5000  ohms  in  that  of  the  galvanometer. 

Galvanometer  connected  with  ab.     Mean  readings  201  divisions. 

cd.  „  130 

Length  between  knife-edges,  25  cm.     Mean  area  of  cross-section  of 
wire  =  -00657  sq.  cm.     Temperature  15°  C. 
Resistance  of  standard  =  '01  ohm.     Hence 

Resistance  of  length  of  wire  between  knife-edges  -—  x  130=  '00647. 
Specific  resistaace  at  15°=™^ I™?? 

ZD 

=  1700  x  10~6  ohms  per  cubic  centimetre. 
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LESSON  XXXI. — The  Method  of  Auxiliary 
Conductors. 

68.  Exercise. — To  compare  the  resistances  of  two  copper 
wires  of  different  thickness. 

Apparatus. — A  low  resistance  galvanometer,  a  Grove's 
cell.  The  wires  whose  resistances  are  to  be  compared  must 
be  soldered  together,  stretched  on  a  board,  and  provided 
with  binding  screws  at  the  ends.  Two  knife-edge  contact 
makers  are  necessary,  one  may  have  both  contacts  fixed, 
the  other  should  have  one  contact  movable.  Two  resist- 
ance coils  of  two  or  three 
ohms  will  be  required. 
They  should  be  fitted  in  a 
box,  as  shown  in  Fig.  98, 
where  abc  is  a  resistance 
coil  bisected  at  b,  and  def 
a  second  coil  bisected  at  e. 
The  ends  and  points  ol 
binding  screws.  The  coils 


Fig.  98.— BISECTED  COILS. 

bisection  are  connected  with 


Fie.  99. 


for 


must  be  wound  so  as  to  be  free  from  self-induction  • 
sake  of  clearness  this  is  not  shown  in  the  figure. 

Theory  of  the  Method. — Let  the  conductors  AB  and  CD 
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(Fig  99)  to  be  compared  be  united  together  by  a  con- 
nection of  low  resistance,  and  have  a  current  passing 
through  them,  and  let  the  ends  of  two  other  conductors 
be  applied  as  in  the  figure.  These  auxiliary  conductors 
are  KQL  and  GPH,  and  the  latter  is  called  the  primary 
and  the  former  the  secondary  auxiliary  conductor.  Let 
the  resistance  of  SS'  =  a  and  that  of  TT"  =  x.  At  the 
points  P  and  Q  the  terminals  of  a  galvanometer  are  con- 
nected. The  resistances  of  the  several  parts  we  shall 
call  as  follows  :  resistance  of  GPH  =  rv  of  KQL  =  ry  of 
GP  =  pv  of  PH  =  Py  of  KQ  =  Py  of  QL  =  /o4  ;  whence  ^ 
=  pl  +  p2  and  r2  =  p3  +  p4.  We  shall  suppose  that  the 
resistances  of  the  contacts  at  S'G  and  HT'  are  negligible 
compared  with  pl  and  />2,  and  those  of  the  contacts  at 
SK  and  TL  negligible  compared  with  p3  and  p4.  Let 
SECT  =  C.  The  whole  resistance  c  in  the  double  channel 
SECT  and  SQT  will  be 


The  combined  resistance  from  S'  to  T'  (not  including 
the  circuit  S'FT)  will  therefore  be 

a  +  c  +  x        .         ;        .         .         .     (2) 

This  whole  resistance  may  be  supposed  to  be  divided 
into  two  parts  by  a  line  passing  from  Q  to  a  point  in 
S'BCT',  which  is  at  the  same  potential  as  Q.  Let  Q'  be 
such  an  imaginary  point.  Call  the  resistance  SQ'  =  «  and 
Q'T  =  p.  The  resistance  on  the  left  of  QQ'  is  therefore 


Pi     a 
But  by  the  principle  of  Wheatstone's  bridge 
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But  a  4-  /3  =  C  and  p4  +  p3  =  r2,  hence 

l=&  U] 

a     Cp. 

therefore  the  resistance  to  the  left  of  QQ'  (as  far  as  S')  is, 
substituting  the  value  of  (4)  in  (3),  and  putting  C  in  terms 
of  c  by  the  aid  of  (1) 

a+      l      =g+P£    ....     (5) 
I  +  JA  r2 

P3       C/>3 

In  like  manner  the  resistance  to  the  right  of  QQ'  is 

*  +  ^  .....     (6) 

So  far  we  have  been  considering  the  resistance  of  the  inner 
joint  circuit,  and  have  taken  no  account  of  the  primary 
circuit.  Now  let  us  suppose  that 

The  Potential  at  S'  is  assumed  for  convenience  to  be  zero, 
T',,Vlf 


then,  from  the  principles  regulating  the  fall  of  potential, 
we  have 


also 

Hence  by  subtraction 


_  Pi 

•     (7) 


a  +  c  +  x 

Now  let  the  position  of  the  galvanometer  electrodes  be 
varied  until  V2  -  V3  =  0,  that  is,  until  there  is  no  deflec- 
tion, then  from  (7)  we  obtain 


Pi  Wa 
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This  last  expression  will  be  simplified  by  arranging  the 
values  so  that  the  second  term  vanishes.  We  shall  then 
have 

,.•&=£)  ^ftflr&a         ...    (9) 

Pi  Pi       a    Pi 

which  is  equivalent  to  saying  that  the  required  ratio 
between  the  two  resistances  is  equal  to  that  into  which 
the  primary  conductor  is  divided. 

To  ensure  the  disappearance  of  the  second  term  of  (8) 

we  must  have  either 

c=0        .       .       .       .       .    (10) 

or  fi£  =  l  ....    (11) 

Plr2 

or  both  of  these  conditions  combined. 

Now  the  expression  (11)  states  the  condition  that  the 
secondary  conductor  must  be  divided  in  the  same  ratio 
as  the  primary,  for  we  have 


Pi     Ps 

In  order,  then,  that  we  may  employ  the  simplified  formula 
(9)  in  the  usual  arrangement  of  the  experiment,  where 
c  is  not  =  0,  it  is  necessary  that  the  two  auxiliary  con- 
ductors should  be  divided  in  the  same  ratio,  and  it  then 
follows  from  (9)  that  this  ratio  is  likewise  that  between 
the  resistances  under  comparison. 

Practice  of  the  Method.  —  The  requisite  connections  are 
shown  in  Fig.  100.  The  auxiliary  conductors  are  seen  at 
rl  and  ry  their  points  of  bisection  being  connected  with 
the  galvanometer,  which  is  provided  with  the  shunt  S. 
The  battery,  being  a  cell  of  low  resistance,  must  be  con- 
nected with  the  commutator  Kr  The  distance  between 
T  and  T'  must  be  adjusted  until  no  deflection  is  produced 
in  the  tinshunted  galvanometer.  The  same  precautions 
must  be  taken  in  this  method  as  in  the  previous  ones, 
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namely — (1.)  The  battery  circuit  must  remain  complete 
only  so  long  as  is  necessary  for  observing  a  deflection  of 
the  galvanometer.  (2.)  Precautions  must  be  taken  to 
eliminate  the  effects  of  thermo- currents,  and  to  avoid 


S' 


Fig.  100. — CONNECTIONS  FOR  METHOD  OF  AUXILIARY  CONDUCTORS. 

false   readings   due   to   self-induction.      (3.)   The  galvan- 
ometer must  be  sufficiently  distant  from  the  rest  of    the 

testing   apparatus  not    to   be   sensibly  influenced  by  the 
latter. 

Example. — The    ratio   of   the   arms   of    1\    and  r2  was 

measured,    the    connecting   wires   being   included  in    the 
measurement.     It  was  found  that 


1-7255 
1-7455 


=  •9885, 


P4     1-1515 
Now  since  C,  and  therefore  c,  is  very  low,  the  condition  -1  =  ™ 
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i   sufficiently   nearly   fulfilled    to    enable   us    to    assume, 
ccording  to  equation  (9),  that 


The  diameter  of  SS'  was  found  on  an  average  to  be 
•104  inch,  and  its  fixed  length  was  100  mm.;  the  average 
diameter  of  TT"  was  "048  inch,  while  its  length  was  varied 
until  a  balance  was  obtained  —  this  occurred  when  TT'  = 
23  mm.  Hence  calling  Kj  the  specific  resistance  of  SS' 
and  K2  that  of  TT',  we  have 

100  ^ 

Resistance  of  SS'  =  (-104)-    '  _         g 
~  "         * 

hence 


Resistance  of  TT'~     23          "  K2' 

(•048)-2 


Kl 


LESSON  XXXII. — Projection  of  Equi-Potentials. 

69.  Exercise. — To  compare  the  resistance  of  two  copper 
wires. 

Apparatus. — A  German  silver  wire  about  a  metre  long, 
mounted  on  a  board  and  provided  with  a  millimetre  scale 
(a  Wheatstone's  bridge  will  answer),  a  Grove's  cell,  a  low 
resistance  galvanometer,  shunt  keys,  two  knife-edge  con- 
nectors. The  wires  to  be  tested  must  be  soldered  together, 
stretched  straight  on  a  board,  and  provided  with  binding 
screws. 

Theory  of  the  Method. — Suppose  that  AC  (Fig.  101)  repre- 
sents the  two  conductors  connected  together,  and  that  it  is 
wished  to  compare  the  resistance  of  the  portion  SS'  of  the 
one  with  the  portion  TT'  of  the  other.  Let  the  ends  A  and 
C  be  connected  with  a  battery,  which  is  also  in  connection 
with  a  graduated  wire  DE.  Place  one  terminal  of  a 
galvanometer  at  S  and  move  the  other  terminal  along  DE 
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until  a  point  s  is  found  which  is  at  the  same  potential  as 
S.  Transfer  the  galvanometer  terminal  from  S  to  S',  T, 
and  T',  and  find  corresponding  equi- potential  points  s',  t, 
and  t'.  Our  object  will  be  to  show  that 


Resistance  of  SS'_ss' 
Resistance  of  TT'  ~  W' 


Fig.  101.— MATTHIESSEN  AND  HOCKIN'S  METHOD. 

This  will  be   best  seen  by  aid   of  the  graphical  method. 
Let  OR  (Fig.  102)  be  the  resistance  from  A  to  C,  and  OR' 


Fig.  102. 

the  resistance  from  D  to  E.  Let  0V  represent  the 
potential  at  A  or  D,  and  suppose,  for  the  sake  of  simpli- 
city, that  the  potential  at  C  or  E  is  zero.  The  rate  of 
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11  of  potential  in  the  two  branches  AC  and  DE  will 
>e  represented  by  the  slope  or  rate  of  fall  of  the  lines 
VR  and  VR'  respectively.  Represent  the  resistances  of 
AS,  AS',  etc.,  by  OS,  OS',  etc.  The  potentials  at  S,  S', 
etc.,  will  be  o-S,  o-'S',  etc.  Now  we  wish  to  find  in  VR' 
the  points  which  have  equal  potentials  with  these.  For 
this  purpose  draw  the  parallels  oro^,  o-'o-/,  TTI}  T'T/  so  as  to 
project  these  potentials  on  VR',  and  where  the  parallels 
meet  VR'  drop  perpendiculars  on  OR',  then  s,  s',  t,  t'  will 
indicate  the  points  in  DE,  of  which  the  potentials  are  equal 
respectively  to  those  of  S,  S',  T,  T'.  Now  by  a  simple  in- 
spection of  the  diagram  we  see  that 

Fall  of  potential  between  S  and  S'  _  Resistance  SS'? 

Fall  of  potential  between  T  and  T'     Resistance  TT'' 
also 

Fall  of  potential  between  s  and  s'  __  Resistance  stf 
Fall  of  potential  between  t  and  t'     Resistance  It' 

But  by  construction  the  fall  of  potential  between  S  and  S' 
is  equal  to  that  between  5  and  s't  and  the  fall  of  potential 
between  T  and  T'  equal  to  that  between  t  and  t'.  Hence 
it  follows  that 

Resistance   SS'  _  Resistance  ss' 

Resistance  TT'~  Resistance  tt' 

Now  if  the  wire  DE  be  well  drawn,  the  ratio  of  the  resist- 
ance of  ss'  to  that  of  tt'  will  be  indicated  by  the  readings 
f  on  the  scale.  Since,  however,  these  conditions  cannot  be 
assumed  where  accurate  work  is  required,  a  calibration  of 
the  wire  will  be  necessary. 

Practice  of  the  Method. — The  student,  who  has  already 
been  instructed  in  the  use  of  the  slide  Wheatstone's 
bridge,  will  understand  the  necessary  manipulations.  He 
may,  however,  be  reminded  of  several  essential  precau- 
tions : — 

(1.)  The  galvanometer  must  be  sufficiently  far  removed 
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from  the  rest  of  the  testing  apparatus  to  remain 

unaffected  by  the  currents  in  the  latter. 
(2.)  The    battery    current    must    only    be    completed 

when  absolutely  necessary,  so  as  to  avoid  all  heat- 

ing effects  as  much  as  possible. 
(3.)  The    usual   precautions  must  be  taken    to   avoid 

false  readings  due  to  thermo-currents. 
Example.  — 

T,     •..  Position  on  Position  on 

Graduated  Wire.  Wires  under  test. 

(1)  56-3  S 

(2)  133-8  S' 

(3)  552  T 

(4)  904-7  T' 

Hence  difference  of  readings  for  S  and  S'  =  7  7  '5.  Do.  for 
T  and  T'-  352-7,  and  hence 

Resistance  of  SS'_  77'5  p  _  .91  97  P 
Resistance  of  TT'  ~  3527  ~j>'  ~p'' 

where  p,  p  represent  the  mean  values  of  the  resistance 
of  one  division  of  the  scale  between  the  readings  (1)  and 
(2),  and  of  one  division  between  the  readings  (3)  and  (4). 

The  length  of  SS',  also  of  TT',  was  100  mm.  The 
average  diameter  of  SS'  was  '104  inch,  and  of  TT'  '048 
inch.  We  have  therefore,  calling  Kx  and  K9  the  specific 
resistance  of  the  wires, 


Resistance  of  SS'        l(-104)a     Kt 
Resistance  of  f  T'  ~        100    ~  K'2  13' 


hence  we  have 


A  second  experiment  with  a  different  length  gave 
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The  graduated  wire  had,  however,  been  previously  cali- 
brated, and  it  was  found  that 


pf-W^TT  93 

Making  the  correction  indicated,  we  finally  find  ^  =  1  '0015 
from  the  first  and  1'0047  from  the  second  experiment. 

70.  Comparison   of  the    Three   Methods. — We   see   that 
Methods    II.    and    III.   are  null    or    zero    methods,    and 
require  a  low  resistance  galvanometer,  whilst  Method  I.  is 
a  deflection  method  requiring  a  high  resistance   galvan- 
ometer.      Method    III.   requires    a   calibrated    wire,    and 
Method  II.  an   adjustable  knife-edge   contact,  unless  we 
substitute  for  the  bisected  coils  two  calibrated  wires,  which 
would  add  much  to  the  complication  of  the  method.     It 
will  thus  be  seen  that  the  choice  of  one  or  other  method 
will  depend  upon  whether  a  zero  or  a  deflection  method  is 
preferred,  and  also  upon  what  apparatus  is  at  the  disposal 
of  the  experimenter. 

PART  V. — MEASUREMENT  OF  HIGH  RESISTANCES. 

71.  The    Wheatstone    bridge    not    being    adapted   to 
measure    resistances    greater    than    one    megohm,    it   is 
customary  to  make  use  of  a  direct  deflection  method  when 
the  resistance  exceeds  this  limit.     This  is  especially  appli- 
cable for  finding  the  insulation  resistance  of  wire,  etc.,  that 

[  is  to  say,  the  resistance  of  the  insulator. 

LESSON  XXXIII. — The  Direct  Deflection  Method. 

72.  Exercise. — To  find  the  resistance  of  some  telegraphic 
insulators. 

Apparatus. — A  number  of  various  specimens  of  insula- 
tors made  of  brown  earthenware,  porcelain,  and  ebonite. 
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A  trough  for  testing  them  having  a  sheet  of  zinc  at  the 
bottom.  A  battery  possessing  an  electromotive  force  of 
about  100  volts.  A  high  resistance  galvanometer  with 
shunts.  A  box  of  coils  and  a  megohm  resistance.  This 
last  may  be  made  after  the  manner  of  Hittorf  by  using 
amylic  alcohol  containing  a  10  per  cent  solution  of  cadmium 
iodide.1  This  is  contained  in  a  glass  tube  provided  with 
two  electrodes  of  cadmium.  Such  an  arrangement  is  found 
to  be  a  good  substitute  for  the  very  expensive  German 
silver  megohm.  Fig.  103  shows  the  resistance  suitably 
mounted. 


I  I  I  I  I  I  I  I  I  I  I  I  I- 


Fig.  104. 


Fig.  103. 
HITTORF'S  HIGH  RESISTANCE. 

Theory  of  the  Method. — Arrange  in  series  (Fig.  104)  a 
battery  B  of  many  cells,  a  delicate  high  resistance  galvan- 
ometer G,  and  the  very  high  resistance  X,  whose  value  wre 
wish  to  determine.  Let  E  denote  the  electromotive  force 
of  the  battery,  and  suppose  that  a  deflection  of  Dl  divisions 
is  obtained,  then 

E 


X  +  G  +  B 


(1) 


where  k  is  the  constant  which  converts  the  readings  of  the 


1  See  Appendix  D. 
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galvanometer  into  units  of  current.     Now  let  us  substitute 
for  X  a  very  high  resistance  R  (Fig.  105),  whose  value  is 


Pig.  105. 

known.  We  shall  suppose  that  in  order  to  obtain  a  read- 
able deflection  from  the  galvanometer  it  will  be  necessary 
to  use  a  shunt  S.  Hence 


S 
G  +  S 


E 


'     (2) 


D2  being  the  new  deflection. 

From  (1)  and  (2),  eliminating  E  and  k  by  division,  and 
solving  for  X,  we  obtain 


.        .     (3) 
When  this  is 


Usually  G  +  B  is  small  compared  with  X. 
the  case  we  may  write 


D2(  G  +  S 


(R  +  B)  +  G 


In  practice  (3)  may  be  further  simplified  by  making 
=1000  (i.e.  using  the  TT^ir  shunt).  Now  let  E  = 
1,000,000,  which  is  so  high  that  B  may  be  neglected  in 
comparison  with  it. 

Further,   by   regulating  the    directing   magnet   of   the 
galvanometer,  and  altering  the  number  of   cells    in   the 
VOL.  II.  0 
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battery,  D2  may  be  made  =  100.     Hence,  neglecting  G,  (4) 
will  become 


X  =  3^  { 1,000, 000, 000 1  =  12(M)<)p  megohms  . 


(5) 


This  last  formula  is  sufficiently  accurate  and  very  conveni- 
ent for  many  practical  purposes. 

Practice  of  the  Method — Treatment  of  the  Insulators. — The 
value  of  this  will  depend  greatly  upon  the  exact  method 
of  preparation  of  the  insulators,  and  on  the  exact  method 
of  applying  the  test.  We  shall  chiefly  adopt  the  Instruc- 
tions for  Testing  Insulators  followed  in  the  Indian  telegraphic 


service. 


Fig.  106.— INSULATORS  ARRANGED  FOR  TESTING. 

(1.)  The  insulators  should  be  placed  inverted   in  the 
box  lined  with  zinc  (Fig.    106).     The   box  must  contain 

1  See  Instructions  for  Testing  Telegraphic  Lines,  by  L.  Scliwendler, 
vol.  i.  Appendix  xi. 
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water  to  a  depth  of  not  more  than  2  inches.  Water  is 
also  poured  into  the  cups  in  sufficient  quantity  to  reach 
within  an  inch  of  the  rims.  The  insulators  must  be  soaked 
in  water  for  twenty-four  hours  before  testing. 

(2.)  The  test  should  not  be  made  on  a  damp  day.  The 
rims  should  be  quite  dry.  It  is  advisable  to  hold  a  hot 
iron  over  them  before  making  a  test. 

(3.)  One  pole  of  the  battery  being  connected  with  the 
zinc  lining  of  the  boxes,  the  other  pole  is  joined  to  one 
terminal  of  the  galvanometer.  The  other  terminal  of  the 
galvanometer  is  then  to  be  joined  to  one  end  of  an  insul- 
ated wire  (Fig.  107).  Gutta-percha  covered  wire  should 


Fig.  107.— SCHEME  OF  METHOD  OF  TESTING  INSULATORS. 

be  used  for  this  purpose.  There  should  now  be  no  deflec- 
tion on  the  galvanometer  if  the  wire  ab  is  perfectly  in- 
sulated. To  ensure  this  the  wire  had  better  not  come  in 
contact  with  the  ground  or  wall  of  the  room.  It  should 
be  an  air  line  as  much  as  possible,  and  only  supported,  if 
necessary,  by  ebonite  penholders.  The  insulation  of  ab 
should  be  tested  at  the  commencement  of  each  set  of 
observations. 
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(4).  The  insulation  of  the  leading  wire  being  thus 
rendered  certain,  touch  with  the  free  end  of  this  wire 
(supported  by  an  ebonite  penholder)  the  stalks  of  the 
insulators  which  are  being  tested,  the  galvanometer  being 
shunted  with  the  -g-^-g-  shunt.  In  cases  where  there  is  no 
reading  the  insulation  has  stood  the  test.  Such  cases 
should  then  be  tried  with  the  -fa  shunt  ;  then  when  this 
test  has  been  stood,  with  the  -J-  shunt,  and  finally  without 
any  shunt  whatever. 

(5.)  Those  insulators  showing  a  high  insulation  should 
be  finally  tested  by  connecting  all  the  stalks  together  with 
bare  copper  wire,  the  deflection  being  observed  both  with 
the  positive  and  negative  current.  From  this  the  average 
resistance  of  each  insulator  should  be  ascertained.  Before 
the  final  test  with  reversed  currents  the  insulators  must  be 
thoroughly  discharged,  for  the  high  electromotive  force 
used  is  sufficient  to  electrify  the  insulators. 

Example.  — 

=  l,000,000,     B  =400,     G  =5000. 
D2  =  100,     Di  =  50. 


Then,  by  formula  (3), 


=  2[1000  (1,000,000  +  400)  +  5000]  -5400 
=  2,000,804,600. 


By  formula  (4) 

X  = 
By  formula  (5) 


==200o  megohms. 
• 


This   value,    2000   megohms,   is   the   minimum   insulation 
resistance  allowed  by  the  Indian  telegraph  service. 
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73.  Additional  Exercises.  —  The  method  of  this  lesson  has 
several  other  interesting  applications,  of  which  examples 
will  now  be  given. 

(1.)  A  number  of  wooden  reels,  each  of  the  same  size, 
were  wound  each  with  two  separate  layers  of  covered 
copper  wire  of  the  same  thickness,  but  insulated  differently. 
The  insulation  resistance  between  the  two  layers  was 
measured,  in  order  to  compare  the  value  of  the  different 
protecting  coatings.  A  resistance  =  TO  7  85  megohm  and 
a  shunt  were  employed  with  the  following  result  :  — 

Coating.  Shunt.  Deflection. 


Double  silk  oc  82  1275 

Double  silk  soaked!  _  2? 

in  paraffin  /  '  52J7 

Single  cotton  .  .  ?$  T  250  -4 

Double  cotton  ^  140  7 

Single  cotton  soaked  "I  .  c 

m  paraffin               J  '             ** 

(2.)  The  insulation  resistances  of  two  condensers  were 
found  to  be  — 

Condenser  insulated  with  paper  soaked  in  paraffin  .     1058  megohms. 
,,  ,,  mica        ....     5292        ,, 

(3.)  It  was  desired  to  ascertain  the  faulty  places  in  a 
coil  of  gutta-percha  covered  wire,  and  to  determine  the 
insulation  resistance  per  yard.  The  wire  was  placed  coiled 
in  a  zinc  trough  (Fig.  108),  filled  with  water;  one  end  of 
the  wire  a  being  raised  above  the  water,  it  was  dried  and 
covered  with  paraffin  to  the  length  of  2  inches  —  this  end 
was  connected  with  the  galvanometer.  The  other  end  was 
also  raised  out  of  the  water,  dried,  and  insulated.  Now 
if  there  should  be  any  faults  in  the  covering  of  the  wire 
the  circuit  would  be  complete  on  touching  the  trough  with 
the  end  b  of  the  battery  wire,  in  which  case  the  galvanometer 
(which  ought  to  have  a  shunt)  would  be  strongly  affected. 
If,  however,  the  deflection  be  small  the  insulation  resistance 
of  the  whole  wire  should  be  measured  (b  being  now  con- 
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nected  with  a  binding  screw  T  fixed  to  the  trough)  by  the 
method  of  the  above  lesson.  To  find  the  insulation  resistance 
per  yard  it  is  only  necessary  to  multiply  the  observed  total  resist- 
ance by  the  number  of  yards.  The  reason  for  this  is  obvious 
if  we  reflect  that  the  leakage  or  current  through  two  yards 


Fig.  108. — TESTING  INSULATION  OF  WIRE. 

is  double  that  through  one.  When  the  wire  is  faulty  it  will 
be  necessary  to  wind  the  wire  from  the  coil  on  to  a  reel  K, 
the  end  b  being  held  in  a  wet  cloth,  which  is  also  folded 
round  the  wire  under  test.  As  the  wire  is  drawn  through 
the  cloth  the  galvanometer  is  watched.  When  a  deflection 
occurs  a  faulty  place  is  passing  through  the  cloth. 


PART  VI. — KESISTANCE  OF  BATTERIES  AND  ELECTROLYTES. 

74.  The  accurate  measurement  of  the  resistance  of 
batteries  and  electrolytes  demands  special  methods  adapted 
to  avoid  the  influence  of  back  electromotive  force  or  Polar- 
isation. The  measurement  of  a  battery  or  electrolyte 
resistance  is  further  complicated  by  variation  in  the  resist- 
ance of  the  liquids  brought  about  by  electrolytic  transfer- 
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ence.     This  source  of  disturbance  has  been  called  Transi- 
tion Resistance. 

It  is  therefore  clear  that  no  definite  meaning  can  be 
attached  to  the  term  battery  resistance,  for  since  the 
polarisation  and  transition  resistance  depend  upon  the 
passage  of  the  current,  the  internal  resistance  will  be  some 
complicated  function  of  the  current.  The  value  of  the 
battery  resistance  deduced  by  methods  depending  upon 
Ohm's  law  have  therefore  in  many  cases  but  little  value. 
Thus,  suppose  that  with  one  current  we  have 

(l) 


where  p  is  the  polarisation  and  t  the  transition  resistance. 
If  the  external  resistance  is  increased  so  as  to  decrease  the 
current,  the  new  condition  of  affairs  will  be  represented 
thus  — 


From  these  two  equations  no  information  can  be  obtained 
regarding  B  unless  something  is  known  about  the  values 
of  p,  p',  t,  t'.  The  ordinary  methods  of  measurement 
assume  that  the  polarisation  and  transition  resistance  are 
constant  during  the  experiment.  Now  the  higher  the  value 
of  the  external  resistance  the  less  is  the  change  of  p  and  t, 
so  that  by  making  the  external  resistance  sufficiently  high 
and  experimenting  rapidly,  sufficiently  consistent  results 
might  be  obtained,  but  the  number  so  obtained  would  be 
very  different  with  stronger  currents.  It  is,  however,  in 
practice  a  particular  working  resistance  which  is  desired 
rather  than  that  portion  of  it  which  is  independent  of  the 
disturbances  due  to  the  passage  of  the  current. 

The  determination  of  the  resistance  of  electrolytes  pre- 
sents difficulties  very  similar  to  those  experienced  with 
batteries,  for  it  will  be  necessary  to  provide  the  electrolyte 
with  metallic  electrodes  of  negligible  resistance  in  order  to 
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find  the  intervening  liquid  resistance.  At  the  electrodes 
polarisation  will  take  place,  giving  rise  to  the  same  uncer- 
tainty as  in  the  case  of  the  battery. 

To  enable  the  student  better  to  appreciate  the  nature  of 
polarisation,  the  next  lesson  will  be  devoted  to  experiments 
on  the  subject. 

LESSON  XXXIV. — Study  of  Polarisation. 

75.  Apparatus.  — A  very  dead-beat  galvanometer.  The 
best  form  is  that  of  Deprez 
and  D' Arson val,1  inasmuch  as 
it  is  aperiodic?  A  strong 
horse-shoe  magnet  AA  (Fig. 
109)  is  fixed  vertically  on 
a  base -board  provided  with 
levelling  screws.  Between  the 
poles  of  the  magnet  is  a 
light  rectangle  C,  consisting  of 
many  coils  of  insulated  wire. 
This  coil  is  held  by  two  silver 
wires  HJ  and  DE,  the  upper 
wire  is  attached  at  H  to  the 
end  of  a  screw,  which  may 
be  raised  and  lowered,  while 
the  lower  wire  is  fixed  to 
a  tongue  of  metal  FG,  pro- 
vided with  an  adjustable  screw 
at  G-.  These  wires  prevent 
the  coil  from  taking  a  swing- 
ing motion,  and  resist  by  their 
torsion  a  movement  in  azimuth.  The  ends  of  the  wires  are 

1  See  Comptes  Rendus  94,  p.  1347  (1882). 

2  By  aperiodic  is  meant  having  no  reference  to  time  of  vibration, 
that  is  to  say,  the  movable  portion  of  the  instrument  takes  up  immedi- 
ately without  oscillation  its  new  position.     The  dead-beat  character  of 
this  instrument  is  due  to  induced  currents  (see  Chap.  VII.) 


Fig.  109.— GALVANOMETER  OF 
DEPREZ  AND  D'ARSONVAL. 
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in  connection  with  the  binding  screws  K  and  L.  When  a 
current  is  passed  through  the  coil  the  magnetic  moment 
produced  is  resisted  by  the  torsion  of  the  wires,  and  hence 
the  coil  .takes  up  a  position  of  equilibrium.  Now,  since 
the  coil  is  in  the  strong  magnetic  field  of  the  horse-shoe 
magnet,  which  is  intensified  in  the  region  of  the  coil  by 
having  a  cylinder  of  soft  iron  B  placed  inside  the  rectangle 
(supported  free  from  the  coil),  it  will  be  brought  to  rest 
with  great  rapidity.  A  mirror  J  is  attached  to  the  coil,  by 
which  the  readings  may  be  observed  in  the  usual  manner. 


Fig.  110.— U  TUBES  FOR  POLARISATION  EXPERIMENTS. 

The  electrolytes  and  electrodes  whose  polarisation  is  to 
be  studied  should  be  placed  in  U  tubes  arranged  in  a  stand 
(see  Fig.  110).  The  most  interesting  cases  will  be  (1.) 
platinum  points  in  dilute  sulphuric  acid ;  (2.)  platinum  foil 
in  dilute  sulphuric  acid ;  (3.)  copper  in  solution  of  copper 
sulphate ;  (4.)  zinc  in  solution  of  zinc  sulphate ;  (5.)  amal- 
gamated zinc  in  zinc  sulphate.  It  is  convenient  to  have 
the  U  tubes  fitted  with  corks  having  holes,  through  which 
the  electrodes,  in  the  cases  of  the  zinc  and  copper,  pass. 
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These  electrodes  have  connecting  wires  soldered  to  them. 
In  the  case  of  the  platinum  the  electrodes  are  fused  in 
glass  tubes,  which  are  filled  with  mercury  for  the  purpose 
of  making  the  connection.  It  will  be  necessary  to  have 
in  addition  a  commutator,  a  two-way  key,  and  several 
Daniell's  cells. 

Method. — We  wish  to  be  able  first  to  arrange  in  series 
the  battery,  provided  with  a  commutator,  the  galvanometer, 
and  U  tube,  and  then  at  any  moment  to  leave  out  the 


Fig.  111. 

battery  circuit.  This  is  readily  accomplished  by  a  two-way 
key.  The  requisite  connections  are  shown  in  Fig.  111. 
On  the  contact  at  a  being  made,  that  at  b  being  broken, 
we  obtain  the  first  condition ;  and  when  b  is  made  and  a  is 
broken  the  battery  is  put  out  of  the  circuit.  The  first 
will  be  spoken  of  as  the  charge,  the  second  as  the  discharge 
position.  When  contact  is  made  at  c,  both  the  U  tube 
and  battery  are  thrown  out  of  circuit.  The  student  should 
now  make  a  series  of  experiments,  such  as  are  given  below, 
with  the  key  in  the  two  positions. 

Example  of  Experiments  on  Polarisation. — The  Deprez  and  D'Arsonval 
galvanometer  was  first  tested  and  found  to  be  only  absolutely  dead-beat 
when  the  resistance  of  the  outer  circuit  was  below  a  certain  limit.  It  was 
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therefore  decided  to  always  use  it  with  a  shunt,  iu  order  that  the  combined 
resistance  external  to  the  galvanometer  might  be  always  sufficiently  low. 
Two  Daniell's  cells  were  used  as  the  polarising  battery.  A  high  resistance 
was  added  to  the  external  circuit,  in  comparison  with  which  the  battery 
resistance  was  negligible.  Now,  when  the  battery  is  suddenly  switched 
into  circuit  with  the  polarising  cell,  there  will  be  a  sudden  deflection  ; 
this  deflection  will,  however,  rapidly  diminish,  owing  to  the  polarisation  of 
the  cell  setting  in,  and  will,  when  the  polarisation  is  a  maximum,  reach 
its  minimum  value.  If  we  now  reverse  the  battery,  so  as  to  send  the 
battery  current  in  the  same  direction  as  the  polarisation,  th$  first  value 
of  the  new  and  increased  deflection  will  be  a  maximum  one,  which  will 
ultimately  fall,  owing  to  the  depolarisation  and  subsequent  repolarisation 
in  the  opposite  direction,  once  more  to  a  minimum.  Finally,  if  the  battery 
be  cut  out  of  circuit,  the  deflection  will  be  due  to  polarisation  alone.  The 
following  results  were  thus  obtained  : — 
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Time  observations  were  made  of  the  rate  of  increase  of  polarisation  and 
the  rate  of  depolarisation.  Experiments  were  also  made  upon  the  influ- 
ence of  varying  strengths  of  current,  and  also  upon  the  effect  of  shaking 
and  warming  the  U  tube. 

76.  Electrolyte  Resistance — List  of  Methods. — The  chief 
methods  that  will  be  given  in  the  following  lessons  are  :  — 

(1.)  Eeduced  Deflection  Method  (Ohm). 
(2.)  Shunt  Method  (Thomson). 
(3.)  Horsford's  Method. 
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(4.)  Mance's  Method.1 

(5.)  Kohlrausch  and  Mppoldt's  Method. 

Other  methods  will  be  described  in  the  chapter  on  the 
condenser. 


LESSON  XXXV. — Electrolyte  Resistance — 
Methods  1,  2,  3. 

77.  Exercise. — To  find  the  resistance  of  a  Daniell's  cell 
by  Ohm's  and  Thomson's  methods  ;  and  to  find  the  specific 
resistance  of  a  solution  of  copper  sulphate  by  Horsford's 
method. 

Apparatus. — It  is  very  convenient  to  be  provided  with 
a  dead-beat  mirror  galvanometer,  whose  sensibility  can  be 
readily  varied  within  wide  limits  without  the  use  of  shunts. 
Fig.  112  shows  an  instrument — a  modification  of  a  Wiede- 
mann's  galvanometer — suitable  for  this  purpose.  On  a 
base -board  two  uprights  are  capable  of  sliding.  These 
uprights  support  two  reels,  C  and  C',  each  wound  with 
a  number  of  coils.  These  reels  form  two  independent 
galvanometer  coils,  and  the  same  current  may  be  made  to 
pass  through  the  two  reels  in  series  or  in  opposition,  or 
only  one  reel  may  be  used.  Between  C  and  C'  there  is  a 
third  upright,  M,  supporting  (in  addition  to  the  circular 
framework  and  rod  holding  the  directing  magnet)  a  brass 
cell,  containing  a  suspended  magnet  and  mirror  which  may 
be  levelled  so  as  to  swing  freely  within  the  confined  space 
of  the  cell  by  the  screws  at  the  base.  The  deflection  of  the 
mirror  is  observed  by  means  of  the  usual  graduated  scale,, 
the  light  from  the  lamp  passing  through  the  central  hole  in 
one  of  the  reels.  Usually  one  of  the  reels  may  be  dispensed 
with,  the  two  being  of  service  only  when  the  instrument  is 
used  differentially.  It  will  also  be  necessary  to  have  a  well 

•  ]  Pro.  Royal  Society,  January  19,  1871. 
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varnished  wooden  trough  with  two  copper  plates,  one  being 
fixed    and  the  other  movable.       The  trough    should   be 


Fig.  112.— MODIFIED  WIEDEMANN'S  GALVANOMETER. 

graduated  along  one  of  its  top  edges,  as  in  Fig.   113. 
Boxes  of  coils  and  keys  will  be  required. 


Fig.  113. — CELL  FOR  HORSFORD'S  METHOD. 

Ghnis  Method. — (1.)  The  galvanometer  must  be  set  up 
and  adjusted.     (2.)  A  circuit  comprised  of   the  battery, 
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galvanometer,  and  box  of  coils  in  series  should  be  made. 
(3.)  Slide  the  coil  that  is  in  use  back  until  a  readable 
deflection  dl  is  obtained  on  the  galvanometer  scale,  a  re- 
sistance Rx  being  included  in  the  circuit.  (4.)  Increase  the 
resistance  to  R2,  when  the  deflection  will  be  reduced  to  d2. 
Let  E  =  electromotive  force  of  the  battery. 

G!  =  current  when  B,  the  battery  resistance,  G,  the 
galvanometer  resistance,  and  Rx  are  in  circuit. 
C2  =  the  current  when  the  circuit  includes  the  resist- 
ance R9  instead  of  Rr 
Then 

,    ,    andC9=.       E 


B+G+R2 
hence 


but  the  deflections  on  the  scale  being  taken  to  be  propor- 
tional to  the  currents  producing  them,  we  have 


from  which 

x7  T>  J  T> 

(*!-&! 

Example. — 

Rj^O,     ^-200,     d2  =  110,     R2  =  10 

(G  and  resistance  of  connecting  wires  negligible), 

„      110x10  =  1100  =  12.2 


200-110       90 

Thomson's  Method. — Here  a  deflection  produced  by  an 
arrangement  (in  series)  is  reproduced  by  a  shunt  arrange- 
ment, the  nature  of  which  will  be  understood  from  the 
diagram  (Fig.  114).  A  shunt  S  is  placed  across  the  galvan- 
ometer terminals  when  the  plug  key  Kx  is  closed,  while 
in  the  main  circuit,  also  provided  with  a  plug  key,  there  is 
a  resistance  box  R.  In  order  to  make  the  test  (1.)  open 
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K!  and  close  K0,  then  slide  the  coil  (of  Fig.  112)  until  a 
large  but  readable  deflection  dl  is  obtained;  (2.)  close  Kx 
and  observe  the  reduced  deflection  d9;  (3.)  open  Kj  and 
add  a  resistance  R  to  the  main  circuit  until  the  same  de- 
flection d.j  is  reproduced;  (4.)  calculate  the  battery  resistance 
B  from  the  formula 

R    RS 

B  =  — -, 


where  G  is  the  resistance  of  the  galvanometer.     It  will  be 
instructive  to  prove  this  formula  graphically. 


0 


Fig.  114. 


Fig.  115. 


Let  us  represent  the  difference  of  potentials  at  the  termi- 
nals of  the  battery  by  Op  (Fig.  1 1 5),  and  the  resistance  of 
the  battery  by  Oa,  the  resistance  R  by  ab,  and  the  resistance 
of  the  galvanometer  by  be.  Then  bb'  will  be  the  difference 
of  potentials  at  the  galvanometer  terminals  which  causes 
the  deflection  d¥  Now  when  the  galvanometer  is  shunted 
the  only  resistance  external  to  the  battery  will  be  the 
combined  resistance  of  the  galvanometer  and  the  shunt, 
for  at  first  we  shall  assume  R  =  0.  This,  by  the  rule  of 
combined  resistances,  will  be 

OS 
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Make  ad  equal  to  this  resistance,  then  the  fall  of  potential 
under  these  new  circumstances  will  be  represented  by  the 
line  dp,  and  the  difference  of  potential  causing  the  deflec- 
tion d2  will  be  aaf.  But  aa'  must  be  equal  to  bb',  for  the 
same  current  must  be  produced  by  the  same  difference  of 
potential.  Hence 

B:    GS    =B  +  R:G, 

G  +  S 

or  RS 

=  -G' 

an  expression  not  involving  the  galvanometer  deflections  ; 
hence  the  test  can  be  made  without  consideration  of  the 
kind  of  galvanometer  in  use  ;  indeed,  a  simple  galvan- 
oscope  would  serve  for  the  purpose.  The  test  is  often 
made  by  placing  the  shunt  across  the  battery  terminals 
instead  of  across  the  galvanometer  terminals.  This  will 
not  change  the  formulae. 

Example.  —  A  set  of  6  Daniell's  were  tested.     Two  boxes 
of  coils  adjustable  to  units  were  used  — 

di  =  4,     S  =  15,     ^2=27-5,     G  =  12,     R  =  70, 
hence  70    15 

B=~     87'5' 


fforsford's  Method.-  —  Place  in  the  trough  a  solution  of 
copper  sulphate,  and  arrange  in  series  the  trough,  with  its 
plates  some  distance  apart,  a  constant  cell,  a  resistance 
box,  and  the  galvanometer.  Slide  the  coil  of  the  latter 
back  until  a  readable  deflection  is  obtained,  which  must  be 
accurately  observed.  Now  bring  the  movable  plate  of 
the  trough  nearer  the  other,  so  as  to  include  a  smaller 
column  of  liquid  between  the  electrodes.  The  deflection 
will  be  increased,  but  by  inserting  resistance  R  from  the 
box  it  may  be  brought  to  be  the  same  as  before.  When  this 
is  the  case  the  inserted  resistance  R  will  be  equal  to  the 
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resistance  of  the  column  of  liquid  included  between  the 
first  and  second  positions  of  the  movable  electrode,  hence, 
knowing  the  dimension  of  the  trough,  it  will  be  quite  easy 
to  calculate  the  specific  resistance  of  the  electrolyte.  Here 
the  current  being  the  same  in  the  two  measurements, 
Horsford  assumes  that  the  polarisation  remains  unchanged, 
but  it  must  be  remembered  that  the  passage  of  the  current 
may  alter  the  state  of  the  liquid  in  the  neighbourhood  of 
the  electrodes,  and  thus  possibly  produce  a  difference  in 
the  polarisation  and  transition  resistance.  On  this  account 
the  experiment  should  be  expeditiously  made.  The  method 
is  interesting  as  being  the  best  of  the  early  attempts  to 
measure  accurately  the  resistance  of  an  electrolyte. 

Example.  —  One  Grove  cell  was  placed  in  series  with  the 
galvanometer  coil  of  resistance  '35,  and  the  cell  contain- 
ing the  copper  sulphate  with  the  plates  13*5  cm.  apart. 
When  the  coil  was  slid  about  9  cm.  from  the  suspended 
needle  the  deflection  was  200  divisions.  One  plate  was 
now  moved  to  the.  position  marked  5*1  cm.  On  adjusting 
the  resistance,  which  could  be  readily  done  within  '1  ohm, 
it  was  found  that  15  ohms  were  required  to  give  the  same 
deflection  as  before.  The  depth  of  liquid  in  the  cell  was 
3  '8  cm.,  and  breadth  of  cell  was  5'4  cm.,  hence  — 


ohms  per  cm. 


The  copper  sulphate  had  a  specific  gravity  of  1*12. 
The  result  obtained  here  was  compared  with  that  of  Ewing 
and  Macgregor  (Jenkin,  3d  edition,  p.  259),  and  found  to 
agree  approximately  with  their  result. 

LESSON  XXXVI. — Mance's  Method. 

78.  Exercise. — To  find  the  resistance  of  a  sand  battery. 
Apparatus — A  mirror  galvanometer,  box  of  coils,  etc. 

VOL.  II.  P 
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Fig.  116. 


Method.  —  In  the  Wheatstone  diagram 
(Fig.  116),  if  the  battery  be 
placed  in  the  X  arm  so 
as  always  to  send  a  current 
through  the  galvanometer, 
when  5=£,  the  opening  or 
closing  of  the  key  has  no 
influence  on  the  current 
in  the  galvanometer.  This 
is  the  principle  of  Mance's 
method,  in  which  adjust- 
ments are  made  of  P,  Q, 
and  R  until  the  current 
in  the  galvanometer  remains 
the  same,  whether  the  key 
is  open  or  closed.  To 
student  must  refer  to  Ap- 


the 


prove     this    principle 
pendix  A,  §  11. 

Practice  of  the  Method. — Owing  to  the  current  that  is 
always  passing  through  the  galvanometer  branch  it  will  be 
necessary  to  adopt  some  means  of  balancing  this  current. 
This  is  usually  done  by  means  of  a  directing  magnet,  but 
a  better  method  in  many  cases  is  to  use  in  addition  to  the 
magnet  a  differential  galvanometer,  through  one  of  whose 
coils  a  compensating  current  may  be  sent  from  an  independ- 
ent battery,  such  as  was  used  in  the  precisely  similar  case 
of  p.  142. 

Fig.  117  exhibits  the  necessary  connections  with  a  Post 
Office  box  of  coils.  Here  the  screws  D  and  A'  should  be 
joined  by  a  short  piece  of  wire.  The  battery  to  be  tested 
is  B1}  while  the  counteracting  battery  is  B9 ;  the  latter  may 
be  conveniently  made  by  bending  a  long  glass  tube  into  U 
shape,  and  placing  a  layer  of  sand  at  the  bend  so  as  to 
form  the  porous  partition  of  a  Daniell's  cell.  By  raising 
the  zinc  and  copper  more  or  less  out  of  the  weak  solutions 
of  zinc  sulphate  and  copper  sulphate  contained  in  the  limbs, 
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the  strength  of  the  battery  may  be  varied  considerably. 
The  order  of  the  operations  in  making  the  test  will  be 
seen  from  the  following  examples  : — 

Example  I. — Four  Minotto  cells  were  tested.  The 
arms  P  and  Q  were  each  made  equal  in  resistance  to 
1000  ohms,  while  that  of  R  was  200  ohms;  K3  was 
closed. 

The  galvanometer  was  shunted  (shunt  Tinny)*  tnen  tne 
key  K2  was  closed.  A  deflection  to  the  right  quite  off  the 
scale  was  produced.  In  order  to  balance  this  the  directing 


Fig.  117. 

magnet  was  placed  at  the  bottom  of  its  rod  and  turned 
through  about  45°,  which  was  sufficient  to  bring  the  spot 
of  light  to  the  middle  of  the  scale.  Key  Kx  was  now 
pressed  down,  producing  a  deflection  to  the  right.  On 
making  R=  100  it  was  found  again  necessary  to  alter  the 
magnet  to  bring  the  light  to  the  middle  of  the  scale.  The 
deflection  was  now  to  the  left  on  closing  K,,  showing  that 
the  resistance  of  the  battery  was  between  100  and  200  ohms. 
Further  tests  showed  that  this  lay  between  120  and  125 
ohms,  but  the  arrangement  was  not  sufficiently  delicate  to 
give  a  closer  result.  K4  was  then  closed,  it  having  been 
previously  ascertained  that  B.,  gave  a  current  in  a  direction 
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opposite  to  that  of  B1?  and  the  resistance  of  the  battery  was 
increased  by  raising  the  copper  rod  so  as  to  be  almost 
sufficient  to  balance  the  current  without  the  aid  of  the 
directing  magnet,  which  was  accordingly  placed  higher  in 
order  to  make  the  galvanometer  more  sensitive.  '  The  spot 
of  light  being  made  central  by  the  help  of  the  magnet, 
it  was  now  found  easy  to  obtain  the  resistance  of  the 
battery  within  a  single  ohm. 

Example  II. — A  single  Daniell's  cell,  whose  resistance 
was  known  to  be  about  3  ohms,  was  introduced.  An  ap- 
proximate balance  was  obtained  with  P=1000,  Q  —  10, 
R  =  368,  or  X  =  3 '68,  but  it  was  found  difficult  to  obtain 
a  true  balance,  owing  to  the  polarisation  of  the  battery. 
This  gave  rise  to  the  following  effect :  On  pressing  down 
the  key  Kx  there  was  first  a  quick  deflection  to  the  right, 
but  this  was  directly  followed  by  a  slow  movement  to  the 
left.  The  former  was  taken  to  be  the  true  deflection  show- 
ing a  want  of  balance,  while  the  latter  was  presumed  to 
be  due  to  the  polarisation  and  transition  resistance  of  the 
battery.  The  true  explanation  of  the  cause  of  this  evidently 
lies  in  the  fact  that  when  the  key  Kj  is  closed  the  resistance 
external  to  the  battery  is  considerably  decreased,  in  con- 
sequence of  which  there  will  be  a-  much  greater  current. 
Now  we  have  already  explained  that  the  resistance  of  a 
battery  is  a  function  of  the  current  passing  through.  A 
change  of  the  current  will  therefore  cause  a  change  of 
resistance,  which  may  not,  however,  take  place  immediately. 
By  inserting  a  resistance  in  the  battery  circuit  these  effects 
may  be  diminished. 

The  best  method  of  procedure,  when  the  battery  is 
polarising,  is  that  indicated  by  Chrystal.1  "Arrange  the 
bridge  until  the  deflection,  owing  to  deviation  from  the 
balance,  is  opposite  to  that  due  to  change  in  the  E.  M.  F.; 
then  by  gradual  adjustment  work  down  the  initial  jerk  to 

1  Ency.  Brit.,  Art.  "Electricity,"  p.  50. 
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nothing,  so  that  the  needle  appears  to  start  off  on  its  slow 
swing  without  any  perceptible  struggle.  When  this  state 
of  matters  is  reached  there  is  a  balance." 

Example  III. — On  attempting  to  measure  the  resistance 
of  a  bichromate  cell  by  Malice's  method,  the  variation  due 
to  polarisation  was  so  great  as  to  make  the  measurements 
entirely  without  value.  This  method  is  therefore  not 
suitable  for  the  determination  of  the  resistance  of  batteries 
that  are  not  fairly  constant,  for  the  adjustment  cannot 
be  made  with  sufficient  rapidity. 

Example  IV. — A  copper  sulphate  rheostat  was  taken  (Fig. 
118),  consisting  of  a  wide  tube  provided  with  two  copper 
plates,  a  b,  soldered  to  copper  rods,  which  pass  through 
india-rubber  corks  at  the  ends  of 
the  tube ;  the  plates  could  thus  be 
placed  at  any  distance  apart.  To 
avoid  polarisation  both  plates  were 
coated  with  copper  by  electro- 
deposition  from  the  solution  of 
•copper  sulphate  with  which  the 
tube  was  filled,  and  the  copper 
rods  were  enclosed  in  glass  tubes. 
The  details  of  the  arrangement 
are  shown  in  the  small  diagram 
of  Fig.  118,  exhibiting  a  or  b  en- 
larged, where  to  the  copper  plate 
p  a  shoulder  s  is  soldered,  being  of 
the  same  diameter  as  the  glass 
tube  g ;  an  india-rubber  cork  c  con- 
nects the  glass  tube  to  the  shoulder 
-and  prevents  liquid  from  reaching 
the  wire  w.  A  paper  scale  was 
fastened  to  the  tube.  The  tube 
was  placed  in  circuit  with  a  constant  cell,  whose  resistance 
had  been  previously  measured.  The  plates  were  set  at 
various  distances  apart  and  the  resistance  measured. 


c — 


Fig.  118. 
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79.  Use  of  Alternate   Currents. — The    problem   of  de- 
termining the  resistance  of  electrolytes  was  only  at  length 
satisfactorily   solved    by    Kohlrausch    and    Nippoldt,   who 
used  the  alternating  currents  produced  by  an  elementary 
form  of  dynamo.     Let  us  here  consider  for  a  moment  what 
happens  when  alternating  currents  are  sent  through  a  cell 
containing  acidulated  water  and  provided  with  two  pre- 
cisely  similar   platinum    electrodes.      The    current   going 
from  left  to  right  through  the  cell  would,  let  us  suppose, 
cause  a  liberation  of  oxygen  at  pole  A  and  a  liberation  of 
hydrogen  at  pole  B.      Immediately  afterwards  it  would  be 
succeeded  by  an  equal  current  passing  from  right  to  left, 
which  would  cause  hydrogen  to   be  liberated   at  A  and 
oxygen  at  B.    The  polarising  tendency  of  the  gas  produced 
in  the  first  case  would  therefore  be  neutralised  by  that 
produced  in  the  second,  if  we  suppose  that  these  gases  con- 
tinue to  exist  side  by  side.     On  the  other  hand,  if  they 
combine  to  form  water,  all  polarisation  will  be  eliminated. 
This  destruction  of  polarisation  will  be  aided  (1)  by  plati- 
nising the  electrodes,  and  (2)  by  increasing  their  size. 

80.  The  Electro-dynamometer. — In  experiments  with  al- 
ternate currents  we  cannot  use  an  ordinary  galvanometer, 
for  the  effect  of  the  rapidly  succeeding  currents  will  be 
equal  and  opposite,  and  hence  no  deflection  will  be  pro- 
duced.     We  may,  however,   replace   the  magnet  of   the 
galvanometer  by  a  small  coil  suspended  by  two  fine  wires 
which  are  in  connection  with  the  ends  of  the  small  coil. 
The  instrument  now  becomes  an  electro-dynamometer,  and 
we  shall  suppose  that  the  same  current  circulates  through 
the  galvanometer  a*nd  through  the  small  coil.     Now  it  will 
at  once  be  seen  that  if  we  double  the  intensity  of  the 
current  in  the  galvanometer  we  double  likewise  that  in 
the  small  coil,  so  that  the  action  of  the  one  upon  the  other 
will  be  increased,  not  twice,  but  fourfold, — in  other  words, 
this  action  will  vary  as  the  square   of  the  current.      If, 
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therefore,  6  denote  the  angle  of  deflection  of  the  small 
coil,  this  angle  being  supposed  small,  and  C  be  the  current, 
we  shall  have 


where  k  is  a  constant  quantity.  Now  let  the  current  be 
reversed  in  the  galvanometer,  then  it  must  likewise  be 
reversed  in  the  suspended  coil.  The  result  will  be  that 
the  deflection  will  remain  in  the  same  direction  as  before, 
so  that  if  a  series  of  reversals  follow  each  other  with 
sufficient  rapidity,  the  deflection  will  be  constant.  If  we 
have  an  electro-dynamometer,  and  a  means  of  producing 
alternate  currents,  they  can  be  directly  applied  to  Mance's 
method. 

81.  Use  of-  the  Telephone  and  Induction  Coil  —  F.  Kohl- 
rauseh  l  has  made  the  method  of  alternate  currents  easier 
in  application  by  using  the  telephone  and  the  induction 
coil. 

A  telephone  consists  essentially  of  a  magnet,  with  a 
coil  of  insulated  wire  wrapped  round  it.  One  of  its 
poles  is  close  to  a  diaphragm  made  of  soft  iron.  Vibra- 
tions of  the  soft  iron  diaphragm  to  and  from  the  coil 
will  cause  induction  currents  in  that  coil,  and  likewise 
variations  in  a  current  circulating  in  the  coil  will  cause 
vibrations  of  the  diaphragm,  and  these  vibrations,  if 
rapid  enough,  will  constitute  a  sound.  When  alternating 
currents  are  passed  through  the  coil  a  buzzing  sound  is 
heard  from  the  telephone.  Now  when,  by  means  of  a  zero 
arrangement,  there  are  no  alternating  currents,  there  will 
of  course  be  no  sound,  so  that  in  such  arrangements  the 
telephone  may  be  made  a  substitute  for  the  electro-dyna- 
mometer. 

The  machines  generally  used  for  the  production  of  alter- 
nating currents  require  some  motive  power  to  cause  the 
armature  to  rotate  at  a  high  speed.  This,  however,  may 

1  F.  Kohlrausch,  Wied.  Ann.,  11,  p.  653  (1880). 
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be  altogether  avoided  by  the  use  of  the  ordinary  induction 
coil,  which,  by  means  of  its  automatic  make  and  break 
arrangement,  produces  alternating  currents  of  brief  duration 
and  high  electromotive  force  by  the  use  of  a  primary 
battery  of  a  few  cells.  For  an  account  of  the  construction 
of  the  induction  coil  ordinary  text-books  may  be  consulted. 
The  practice  of  Kohlrausch's  method  will  form  the  next 
lesson. 


LESSON  XXXVII. — Electrolytic  Resistance  by 
Alternating  Currents. 

82.  Exercise. — To  find  the  specific  conductivity  of  a  solu- 
tion of  copper  sulphate  and  also  the  resistance  of  several 
cells  by  Kohlrausch's  method. 

Apparatus. — A  slide  bridge  with  its  associated  apparatus, 
a  U  tube  or  other  receptacle  for  the  copper  sulphate,  an 
induction  coil  with  metallic  contact  breaker  giving  J  inch 
spark,  telephones,  batteries. 

Method. — A  Bunsen's  or  Grove's  battery  of  one  or  two 
cells  should  be  charged  in  order  to  work  the  induction  coil. 
The  induction  coil  should  be  in  a  neighbouring  room,  or 
outside  the  window,  at  any  rate  sufficiently  far  away  to 
prevent  the  noise  of  the  contact  breaker  being  heard.  It 
will  be  necessary  to  insulate  very  completely  the  wires 
coming  from  the  induction  coil  which  carry  the  secondary 
current,  inasmuch  as  this  current,  having  a  very  high  E.  M. 
F.,  will  break  through  cotton  and  silk-covered  wires,  and 
even  gutta-percha  will  be  found  to  insulate  it  insufficiently. 
It  will  be  best,  therefore,  to  make  the  secondary  wires  air 
lines  as  much  as  possible,  supporting  them  where  neces- 
sary by  rods  of  ebonite. 

A  scheme  of  the  connections  is  shown  in  Fig.  119,  where 
I  is  the  induction  coil,  T  the  telephone,  R  a  box  of  coils, 
and  X  the  unknown  electrolytic  resistance  (shown  in  a  U 
tube  enlarged  at  its  ends  to  admit  the  copper  electrodes). 
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The  observation  consists  in  moving  the  contact -piece 
and  altering  the  resistance  coils  until  either  no  sound  can 
be  heard  in  the  telephone  or  the  sound  is  reduced  to  a 
minimum.  In  order  to  hit  the  exact  point  some  practice 
will  be  necessary.  It  will  be  of  great  assistance  to  place  a 
second  telephone  in  the  circuit,  and  hold  a  telephone  to 
each  ear.  Should  this  be  done  the  contact-piece  must  be 
slowly  moved  by  a  second  observer,  who  should  note  down 


Fig.  119. — CONNECTIONS  FOR  KOHLRACSCH'S  METHOD. 

the  readings  of  the  bridge  when  the  listener  announces  that 
a  point  of  minimum  sound  has  been  reached.  To  prevent 
the  latter  from  being  biassed,  he  should  be  kept  in  ignorance 
of  the  position  of  the  slides.  It  is  necessary  that  the  room 
should  be  free  from  noise  when  making  the  observations. 

Example. — The  U  tube  employed  was  about  2  cm.  diam- 
eter, and  with  limbs  28  cm.  long ;  its  ends  were  passed 
through  two  large  india-rubber  corks  which  were  fitted 
into  two  short  cylinders  of  glass  2  inches  in  diameter  and 
3  inches  high.  The  ends  of  the  tube  came  flush  with  the 
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top  of  the  india-rubber.  In  each  cylinder  was  placed  a 
copper  disc  (cut  with  a  tag  for  connection),  nearly  of  the 
same  diameter  as  the  cylinder. 

By  running  distilled  water  into  the  U  tube  from  a 
burette,  the  volume  was  found  to  be  183  cc.  Next  the 
internal  radius  was  measured  by  callipers,  and  found  to 
be  for  one  limb  10*35  mm.,  other  limb  10*25  mm.,  hence 
the  mean  radius  is  1*03  cm.,  and  the  section  is  TT  x  (1'03)'2. 
These  data  will  enable  us  to  find  the  length  of  the  tube, 
which  could  not  readily  be  found  otherwise.  The  length 


=54-91  cm. 


7TX(l>03)-i 

The  electrolyte  was  formed  by  dissolving  20  grms.  of 
CuS04  (not  pure)  in  200  cc.  of  distilled  water.  Its 
density  at  15°  C.  was  1*0627. 

With  R  =  800,  balance  found  at  997,  hence  X  =  804*81. 
,,      R  =  600,          „         ,,          427,      „      X  =  805-05. 
Mean  value  of  X  =  804-93. 

We  have  therefore  — 
Specific  resistance  =  Whole  resistance  x    ~"~  =  48'86  ohms  per  cm. 


With  practice  it  was  found  that  an  alteration  of  -«  oVo  °f 
length  of  slider  made  a  difference  in  the  sound  of  the 
telephone.  Better  results  were  obtained  by  using  two  10- 
ohm  coils  at  the  end  of  the  bridge  to  make  the  arms  more 
nearly  equal. 

83.  Eesults  of  KohlrauscJi's  Experiments.  —  These  experi- 
ments were  made  with  a  convenient  rheostat1  consisting 
of  an  ebonite  cylinder  on  which  a  screw  had  been  cut. 
Within  the  trace  of  the  screw  was  a  wire  of  German  silver. 
On  turning  the  rheostat  a  movable  contact  will  cause  the 
wire  to  be  divided  in  any  desired  ratio.  The  liquids  to  be 
experimented  on  were  contained  in  small  vessels  with 
1  Similar  to  Wheatstone's  second  form,  see  p.  172. 
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platinised  platinum  electrodes.  A,  B,  C,  Fig.  120,  show 
the  chief  kinds  of  those  vessels.  A  and  B  are  adapted  for 
liquids  of  good  conductivity,  and  C  for  liquids  of  very  bad 
conductivity.  In  using  these  vessels  their  resistance 


Fig.  120.— VESSELS  FOR  ELECTROLYTES. 

capacity  must  first  be  ascertained  by  filling  them  with  a 
solution  of  zinc  sulphate  of  known  specific  resistance.  The 
specific  resistance  of  this  zinc  sulphate  was  ascertained  by 
the  use  of  a  straight  graduated  tube  of  known  cross-section. 
The  following  table  gives  the  electric  conductivity 
(reciprocal  of  the  resistance)  in  a  few  useful  cases  taken 
Kohlrausch's  experiments : — 

TABLE  H. 

SPECIFIC  CONDUCTIVITIES  or  ELECTROLYTES. 


Sodium  Chloride. 

Zinc  Sulphate.     ||  Copper  Sulphate. 
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Here  the  scale  is  such  that  the  conductivity  of  mercury 
is  reckoned  equal  to  108  units. 

Knowing  that  the  specific  resistance  of  mercury  in 
C.  G.  S.  units  is  96146,  the  conductivities  given  above 
may  be  converted  into  specific  resistances,  as  under : — 

Specific  resistance  of  10         96146  x  108 

per    cent    solution    of"**  -    =   3'205xl010. 


copper  sulphate 


you 


84.  Additional  Exercises.  —  (1.)  Determine  the  conduc- 
tivity of  an  electrolyte  at  different  temperatures.  Plot  a 
curve  exhibiting  the  results.  Determine  the  coefficients  a 
and  j3  in  the  formula  — 


where  kt  is  the  conductivity  at  t°,  and  k0  that  at  0°. 

(2.  )  Determine  the  conductivity  of  different  percentages 
of  a  salt  dissolved  in  water,  and  plot  a  curve  exhibiting 
the  results. 

(3.)  All  Kohlrausch's  results  are  expressed  in  the  form 
given  in  the  above  table.  It  would  be  useful  to  compile 
complete  tables  of  the  resistance  of  electrolytes  in  C.  G.  S. 
units.  The  following  references  taken  from  Wiedemann 
(Elektridtat,  Erster  Band,  1882)  will  be  useful  for  this  pur- 
pose :— 

F.  Kohlrausch  and  Nippoldt,  Pogg.  Ann.,  138,  p.  379 
(1869);  Grotrian  for  H2S04  and  HC1,  Pogg.  Ann.,  151,  p. 
378  (1874);  F.  Kohlrausch  and  Grotrian,  HN03,  Pogg. 
Ann.,  154,  p.  1,  215  (1875);  F.  Kohlrausch,  HC1,  HBr,  HI, 
H2S04,  H3P04,  C2H204,  02H402,  C4H606,  Pogg.  Ann.,  159, 
p.  233  (1876);  F.  Kohlrausch,  hydrates  and  salts  of  alkali 
metals,  CuS04,  ZnS04,  and  AgN02,  Wied.  Ann.,  6,  p.  145 
(1879);  F.  Kohlrausch,  temperature  coefficients,  Wied. 
Ann.,  11,  p.  653  (1880). 

85.  Compensation  Methods.  —  Methods,  in  which  one 
battery  is  balanced  against  another,  can  be  applied  with 
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advantage  to  inconstant  cells,  inasmuch  as  it  is  only  neces- 
sary to  close  the  circuit  momentarily,  as  in  that  of  Beetz. 


LESSON  XXX VIII.  —  The  Method  of  Beetz. 

86.  Exercise. — To  find  the  resistance  of  a  Leclanche  cell. 

Apparatus. — A  slide-metre  bridge;  two  boxes  of  coils, 
each  with  1,  2,  2  and  5  ohms;  a  double  contact  key; 
low  resistance  galvanometer;  a  Daniel! 's  cell. 

Theory  of  the  Method. — Suppose  the  cell  (electromotive 
force  =  E)  whose  resistance  x  is  required  has  its  poles 
connected  with  P  and  S,  the  -  pole  going  to  P  (Fig.  1 21),  so 


Fig.  121. — METHOD  OF  BEETZ. 

as  to  include  in  circuit  a  portion  of  the  resistance  between 
A  and  B.  Also  let  there  be  a  second  cell  of  electromotive 
force  =  e  (less  than  E),  with  a  galvanometer  G  in  its  circuit, 
and  let  this  cell  have  its  -  pole  at  P  and  its  +  pole  at  Q. 
The  cells  will  thus  be  in  opposition.  Suppose,  in  the  first 
place,  that  this  is  an  open  circuit,  the  extremities  of  which, 
P  and  Q,  are  gradually  brought  up  to  AB.  Now,  in  virtue 
of  the  electric  separation  at  e,  all  the  points  of  the  left-hand 
wire  of  this  open  circuit  P'P  will  have  a.  certain  fixed 
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potential,  and  all  the  points  of  the  right-hand  wire  Q'Q  will 
have  another  fixed  potential  different  from  the  former  by 
the  amount  e.  Now  let  us  imagine  that  things  are  so 
arranged  that  when  this  open  circuit  is  brought  up  to  AB 
it  will  touch  it  at  points  which,  owing  to  the  upper  current, 
have  exactly  the  same  potential  as  the  wires  P'P  and  Q'Q. 
It  is  clear  that  under  these  circumstances  no  change 
will  take  place  in  the  electric  condition  of  P'P,  Q'Q,  and 
of  the  whole  under  circuit;  in  other  words,  no  current 
will  pass,  and  the  circuit  may  still  be  regarded  as  an 
open  one. 

Thus  virtually  the  current  of  the  upper  circuit  is  not 
affected  by  bringing  up  to  it  this  under  circuit. 

Under  this  condition  of  things  the  galvanometer  of  the 
under  circuit  will  remain  undeflected,  there  being  no 
current  in  this  circuit.  Now  let  the  resistance  of  PS  =  a, 
PQ  =  b ;  also  let  the  current  in  the  upper  circuit  be  C. 
Hence,  neglecting  the  resistance  of  the  conducting  wires, 

c=*-f«    •     •     •     •     •  m 

also 

0=j  (2) 

From  (1)  and  (2) 


If  a  fresh  pair  of  values  a'  V  be  found,  which  likewise 
leave  the  galvanometer  undeflected,  then 

E  _  x  +  a?  .         . 

C  0 

hence  from  (3)  and  (4) 

nil'  -  n'h 

(5) 


thus  giving  the  resistance  in  terms  of  known  quantities. 

Practice  of  the  Method. — In  the  working  diagram  (Fig. 
122)  MN  is  the  slide-metre  bridge  with  the  resistance  boxes 
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R  and  R'  at  its  ends.  The  connections  are  made  through 
the  double  key,  arranged  so  as  to  prevent  the  circuit  of  e 
being  closed  when  that  of  E  is  open,  which  would  cause 
a  deflection  of  the  galvanometer  due  to  the  former  battery 
only.  When  a  is  pressed  against  b  the  current  of  E  is 
closed,  and  by  still  further  pressing  the  key  b  is  brought 
into  contact  with  c,  and  the  circuit  of  e  is  closed. 

Should  there  now  be  a  deflection,  the  key  should  be 
raised,  the  sliding  contact  must  be  moved,  and  a  fresh  ex- 
periment made.  If  no  balance  can  be  obtained  it  is  because 


-V 


Fig.  122. — METHOD  OF  BEETZ. 


we  are  neglecting  the  conditions  demanded  by  equations  (3) 
and  (4).  The  resistance  boxes  at  the  ends  are  provided 
in  order  that  it  may  be  possible  to  fulfil  these  conditions. 

Example. — A  trial  of  the  method  was  made  by  balancing 
two  Groves  against  one  Grove.  A  rheostat  of  "56  ohm 
was  used. 

I.  R=  1    R'  =  0    Rheostat  Reading  ='1076    a  =  1'56    b  =1-1076. 

II.  R='5    R'  =  0          ,,  „  '3367    a'  =1'06    6'--=      '837. 

III.  R='2    K'  =  0  -4876    a"  =   76    b"  =      '688. 
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From  I.  and  II.  x=  '691. 
„  I.  and  III.  «=-650. 
„  II.  and  III.  x=  -625. 

Assuming  that  E  =  2  and  e=I,  we  find — 

From  I.  x=  '655. 
„  II.  x='6U. 
„  III.  »='616. 

It  was  noticed  that  the  battery  was  changing  its  resist- 
ance during  the  test.  A  dead  beat  galvanometer  should 
have  been  used,  in  order  that  the  test  might  have  been 
made  rapidly. 


CHAPTEE  V. 
THE  TANGENT  GALVANOMETER. 

87.  WE  shall  prove  in  the  chapter  on  electro  -magnetism 
that  the  action  of  a  current  in  a  circular  coil  on  a  very 
small  magnetic  needle  placed  at  its  centre  is  expressed 
by  the  formula 

' 


where  C  =  strength  of  the  current. 

H  =  horizontal  intensity  of  the  earth's  magnetism. 
a  =  radius  of  coil. 
n  =  number  of  windings. 
a  =  angle  of  deflection. 


The  quantity  -^-  we  shall  call  F,  or  the  true  constant 
of  the  instrument.  Hence  (1)  becomes 

C  =  Hrtana   .         .        .        .        .     (2) 

Now,  for  a  particular  locality,  H  is  sensibly  constant, 
hence  it  will  be  convenient  to  use  one  symbol  for  HF. 
Let  us  call  it  K,  which  may  be  known  as  the  working 
constant.  We  may  then  for  most  purposes  simply  write 

C  =  Ktana     .        .        ...     (3) 
In   the  lessons   which  immediately  follow  it  will   be 
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shown  how  the  tangent  galvanometer  may  be  employed  for 
measuring 

(a)  The  internal  resistance  of  batteries. 

(b)  The  resistance  of  wires. 

(c)  The  electromotive  force  of  batteries. 


LESSON  XXXIX. — The  Tangent  Galvanometer — 
Battery  Resistance. 

88.  Exercise. — To  measure  the  internal   resistance   of 
several  cells. 

Apparatus. — A  tangent  galvanometer.  Fig.  123  shows  a 
pattern  of  the  instrument  which  is 
well  suited  for  most  purposes.  It 
consists  of  a  wooden  hoop  A  with 
flanges.  Inside  the  hoop  and  fixed 
centrically  at  right  angles  to  it  is 
a  compass  box  B  with  a  glass  lid. 
The  hoop  is  supported  by  the  base 
C,  on  which  are  the  binding  screws. 
On  the  top  of  the  hoop  is  a  direct- 
ing magnet  D,  supported  by  a  gradu- 
ated standard,  up  and  down  which 
it  may  slide.  (1.)  The  hoop  is  wound 
with  several  coils  of  about  the  fol- 
lowing resistances,  '2,  1,  4,  10,  25, 
50,  and  1500  ohms.  These  seven 
coils  are  connected  with  binding 
screws  after  the  manner  exhibited 
in  Fig.  124,  in  which  the  seven 
coils  are  represented  by  the  loops 
•A  to  G  inclusive.  The  ends  of  A 
are  brought  to  the  binding  screws  1  and  2,  the  ends  of 
B  to  the  binding  screws  2  and  3,  and  so  on.  This  arrange- 
ment will  allow  of  the  use  of  any  number  of  the  coils  in 


Fig.  123. 
THE  TANGENT  GALVANOMETER. 
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series ;  thus,  if  screws  4  and  7  be  used,  the  coils  D,  E,  and 
F,  with  a  total  resistance  of  85  ohms,  will  be  in  circuit. 
For  the  purpose  of  measuring  strong  currents  an  additional 
coil  H,  consisting  of  a  single  turn  of  copper  ribbon,  is  pro- 
vided, having  its  ends  connected  with  two  terminals  9  and 
10  of  larger  size  and  separate  from  the  others.  (2.)  The 
compass  box  is  of  wood.  Into  the  centre  of  its  bottom  is 
screwed  the  pivot,  consisting  of  a  hard  well-polished  steel 
needle  fixed  vertically  in  a  brass  support.  Covering 
the  greater  portion  of  the  bottom  of  the  box  are  two 


Fig.  124. 
ARRANGEMENT  OF  COILS. 


Fig.  125. 
TANGENT  GALVANOMETER  SCALE. 

pieces  of  mirror  glass.  On  the  top  of  the  glass  is  fixed 
a  scale  of  cardboard  or  metal,  divided  into  degrees,  but 
having  two  sectors  through  which  the  mirror  glass  is 
exposed.  The  method  of  graduating  the  circle  will  be 
perceived  from  Fig.  125.  Here  on  one  side  of  the  circle  is 
a  linear  scale  stretching  from  about  70°  on  one  side  to  70° 
on  the  other.  This  serves  the  purpose  of  a  tangent  scale, 
the  readings  of  that  part  of  the  needle  pointer  which  crosses 
this  scale  being  proportional  to  the  tangent  of  the  angles 
of  deflection  from  the  zero.  The  shaded  portion  is  the 
mirror  glass.  (3.)  The  needle  NS  (Fig.  126Hs  of  hardened 
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steel,  30  mm.  long,  5  mm.  broad,  and  1  mm.  thick.  At  its 
centre  is  a  jewelled  cap.  At  right  angles  to  the  needle 
there  is  a  pointer^'  of  fine  brass  wire,  having  its  extremities 
filed  to  knife-edges.  On  the  pointer  are  two  vanes  a  and 
a'  of  aluminium  foil  for  the  purpose  of  helping  to  bring 
the  needle  to  rest.  Additional  details  relating  to  the  con- 
struction of  the  instrument  will  be  found  in  Appendix  D. 


B 


, 


w 


Pig.  127. 


Fig.  126. — NEEDLE  OF 
TANGENT  GALVANOMETER. 

The  other  apparatus  required  will  be  a  box  of  coils,  a 
commutator,  the  cells  to  be  tested,  and  connecting  wires. 

Theory  of  the  Method. — Let  the  battery  to  be  tested,  along 
with  its  commutator,  the  galvanometer,  and  the  box  of 
resistance  coils,  be  placed  in  series  (see  Fig.  127). 
Let  E  =  Electromotive  force  of  the  battery, 
B  =  Kesistance  of  battery, 

G  =  Kesistance    of  galvanometer   and    connecting 
wires, 
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Let  R  =  Resistance  of  the  coils, 

a  =  Angle  of  deflection, 
then,  from  Ohm's  law,  the  current  C  passing  through  the 


galvanometer  will  be 


But 

C  =  Ktana     .....     (2) 
by  the  theory  of  the  tangent  galvanometer.     Hence 

.     (3) 


Let  now  R  be  changed  to  Rx,  causing  a  to  be  changed 
to  a15  then 


Hence,  dividing  (3)  by  (4),  we  obtain 

tan  a 


B  +  G  +  R'tanoj 
Hence 

„     R  tan  a  -  Rt  tan  aT     p  .  . 

r>  =  —  -  -  -  --  vr   .         .         .         .     {v) 
tan  aj  -  tan  a 

a  general  formula  for  the  battery  resistance. 

The  expression  (6)  may  be  simplified  in  approximate 
measurements  by  making  R  =  0,  ax  =  45°,  then 

B=f    Rl    ,-G        ....    (7) 
tan  a  -  1 

or,  still  better,  by  making  tan  ax  =  |  tan  a,  and  then 

B  =  R1-(2R  +  G)         .        ...        .     (8) 

When  this  last  formula  is  used  the  method  is  called  the 
half-deflection  method. 

Practice  of  the  Method  —  (1.)  The  best  values  of  a.  and  ar  — 
Having  completed  the  connection  as  figured  above,  and 
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placed  the  galvanometer  in  the  magnetic  meridian  with  the 
pointer  at  0°,  the  first  consideration  will  necessarily  be 
which  is  the  best  coil  of  the  galvanometer  to  use,  and  what 
is  the  best  value  of  deflection  to  obtain.  On  consulting 
a  table  of  tangents  it  will  be  found  that  the  effect  of 
making  an  error  in  the  reading  will  be  greater  at  the 
extremities  of  the  scale  than  at  the  middle,  thus 

tanlO°=-l763        tan  45°  =  1 '000  tan  80°  =  5 "671 

11°= -1944  46°  =  r0355  81°  =  6'314 


Difference  '0181         Difference  '0355         Difference  0'643 
=  9 '8  per  cent  =3'5  per  cent.  =10 '7  per  cent, 

of  the  whole  mean  effect. 

We  see  from  these  examples  that  both  small  and  large 
deflections  must  be  avoided. 

If  we  consult  our  tables  more  minutely  we  shall  find 
that  the  effect  of  making  an  error  is  actually  smallest  at 
45°,  a  result  which  is  likewise  in  accordance  with  theory. 

In  testing  the  resistance  of  a  battery  by  the  method  of 
this  lesson  we  shall  require  to  observe  two  deflections.  It 
follows  as  a  corollary  to  the  result  just  given  that  these 
ought  to  be  at  equal  distances  on  either  side  of  45°,  the 
best  part  of  the  scale  being  between  30°  and  60°.  Hence 
the  first  deflection  should  not  be  greater  than  60°.  Now 
the  less  external  resistance  we  place  in  the  circuit  the 
greater  will  be  the  effect  of  the  battery  resistance  on  the 
whole  current,  hence  if  a  coil  of  the  galvanometer  can  be 
found  which  with  R  =  0  gives  a  not  greater  than  60°,  that 
will  be  the  best  coil  to  take,  provided  that  the  battery 
continues  constant. 

(2.)  Adjustment  of  Coil  and  Needle. — A  suitable  coil 
having  been  found,  the  student  should  proceed  to  test  the 
galvanometer.  Let  him  first  take  the  deflection  as  given 
by  both  ends  of  the  needle.  In  taking  the  reading  the 
eye  must  be  placed  so  that  the  pointer  covers  its  image  in 
the  mirror ;  in  this  way  error  due  to  parallax  may  be 
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avoided.  In  the  next  place  let  him  reverse  the  current, 
when  the  readings  should  be  nearly  the  same.  If  this 
should  not  be  the  case  the  error  may  be  due  to  three 
causes — 

(1.)  The  coil  may  not  be  in  the  magnetic  meridian. 

(2.)  The  zero  point  of  the  scale  may  be  wrongly  placed. 

(3.)  The  pointer  may  not  be  straight,  and  not  at  right 
angles  to  the  needle. 

To  remedy  this,  take  the  needle  off  its  pivot,  and  having 
previously  ruled  two  lines  on  cardboard  at  right  angles  to 
one  another,  test  by  their  means  the  straightness  of  the 
pointer,  and  its  position  with  regard  to  the  magnet. 
Straighten  and  bend  the  pointer  if  necessary.  On  re- 
placing the  needle  after  allowing  it  to  come  to  rest,  one 
may  judge  by  the  eye  whether  the  plane  of  the  coil  is 
approximately  at  right  angles  to  the  pointer.  We  may 
now  proceed  to  make  a  more  accurate  adjustment  of  the 
plane  of  the  coil.  Suppose,  for  instance,  that  the  pointer 
now  stands  at  +  5°,  and  that  the  reading  is  +65°  when 
deflected  by  a  current  in  one  direction,  and  —  52°  when 
deflected  by  the  same  current  in  the  opposite  direction, 
that  is  to  say,  the  actual  deflections  are  +60°  and  -  57°. 
If  now  the  plane  of  the  coil  be  turned  through  about 
rc'g5'"  =  l°-5,  the  real  deflections  on  either  side  of  the  point 
of  rest  should  be  equal.  Test  whether  this  is  the  case,  and 
make  another  adjustment  if  necessary.  Now  turn  the 
scale  until  the  pointer  stands  at  zero,  when  the  adjustment 
should  be  complete.  Any  error  made  in  this  adjustment 
may  be  eliminated  by  taking  double  readings  with  the 
commutator,  so  that  there  is  no  absolute  necessity  that  this 
adjustment  should  be  made  at  all.  It  is,  however,  con- 
venient in  rapid  measurements  to  assume  that  when  the 
pointer  stands  at  zero,  the  galvanometer  coil  lies  in  the 
magnetic  meridian. 

(3.)  Care  of  the  Pivot  and  Cap. — The  student  should  be 
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very  careful  of  the  pivot  and  cap,  for  should  the  point  of 
the  former  become  blunted  or  the  inside  of  the  latter 
covered  with  dust,  the  friction  resulting  from  these  causes 
will  be  fatal  to  accuracy.  Some  simple  arrangement  is 
provided  with  the  best  galvanometers  in  order  to  lift  the 
needle  from  its  pivot  when  not  in  use,  or  when  the  instru- 
ment has  to  be  removed.  This  greatly  assists  the  preser- 
vation of  the  pivot  and  cap.  The  state  of  the  pivot  and 
cap  should  be  tested  by  displacing  the  needle  from  its 
position  of  rest,  and  ascertaining  whether  it  returns  to  the 
same  position.  It  should  do  so  to  within  '1  or  '2  of  a 
degree. 

(4.)  The  Magnetism  of  the  Needle. — Although,  as  we  have 
proved  in  the  chapter  on  magnetism,  the  amount  of  deflec- 
tion of  the  needle  is  quite  independent  of  its  magnetic 
moment,  yet  the  power  of  overcoming  friction  will  depend 
upon  the  strength  of  the  magnet.  Hence  we  should  have  a 
magnet  as  strong  as  possible,  since  in  this  instrument  friction 
cannot  be  entirely  avoided.  There  are  many  causes  tending 
to  weaken  the  magnet,  such  as  the  influence  of  strong 
currents,  changes  of  temperature,  etc.  It  is  therefore  im- 
portant to  ascertain  from  time  to  time  the  magnetic  state 
of  the  needle.  This  may  be  simply  done  by  ascertaining 
its  time  of  vibration,  which  should  not  be  allowed  to 
become  greatly  different  from  what  it  was  when  the 
magnet  was  freshly  magnetised. 

The  method  of  working  with  the  galvanometer  will  be 
seen  from  the  following  examples  : — 

(I.)  To  find  the  resistance  of  two  Grove's  cells  in  series. 
Copper  strap  used.  Six  yards  of  connecting  wire  =  '07 
ohm.  The  connecting  wires  were  carefully  twisted  to- 
gether so  that  they  had  no  direct  effect  upon  the  galvan- 
ometer. This  was  tested  by  moving  the  wires  and  ascer- 
taining that  this  did  not  produce  any  movement  of  the 
needle. 

The  following  results  were  obtained  : — 
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Expt     Resistance.     Commutator  up.  Commutator  down.  Mean. 

East  end     West  end      East  end        West  end 
of  needle,    of  needle,     of  needle.       of  needle. 

I.  0  53-8  54  56  56  54  "95 

II.  1  30  30  31-2  311  30-57 

II.  2  20  20  21  21  20-5 

Here  we  have  to  make  use  of  the  formula 

B  _  R  tan  a  -  R!  tan  ax  _  G 

tan  ttj  -  tan  a 
also  G  + connecting  wires  =  '07. 

Now  from  the  tables  we  find 

tan  54° -95  =  1-4255 
tan  30° -51=  '5906 
tan  20°  -50=  '3739. 

Hence,  from  Experiments  I.  and  II., 


From  Experiments  I.  and  III., 


while  from  Experiments  II.  and  III., 

2  x  -3739  -  -5890 

' 


B= 


-5890  --3739 


which  gives  a  mean  result  of  '65,  or  the  average  resistance 
per  cell  is  nearly  J  ohm. 

(II.)  The  resistance  of  twelve  DanielPs  cells,  of  the 
type  known  as  the  Chamber  Daniell?  used  in  the  English 
Postal  Telegraph  Department,  was  next  tested.  The 
battery  had  been  standing  for  some  days,  so  that  copper 

1  See  Preece's  Telegraphy,  p.  21. 
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had  become  deposited  on  the  zinc.     The  following  read- 
ings were  taken  :  — 


Expt.     Resistance, 


Tangent  of  Angle. 


Remarks. 


I.       R!  =  O  64°  '6         tana1  =  2'1060\  The  battery  was  vari- 

II.       R2  =  125       55°  '62       tan  a2  =  1  '4605  )     able  as  to  its  current. 

III.       R  =  250       46°  72 


VI.       R6  =  975       20°  "65       tanae=    "3759 

Resistance  of  galvanometer  and  wires  =  9  '6  ohms. 

It  was  thought  that  correct  values  of  the  resistance 
could  best  be  obtained  from  III.  and  V.,  III.  and  VI.,  and 
IV.  and  VI. 

From  III.  and  V.  we  have 


tan  a5  -  tan  a3 
In  like  manner  from  III.  and  VI., 


From  IV.  and  VI., 


=  137-9. 


B  =  133-9. 


The  resistance  of  the  battery  was  therefore  about  134  ohms, 
or  about  eleven  ohms  per  cell. 

The  values  of  B  obtained  from  expressions  involving 
I.  and  II.  gave  widely  different  results.  This  example 
shows  the  importance  in  certain  cases  of  making  the  ex- 
ternal resistance  high,  in  order  that  the  constancy  of  the 
battery  may  be  ensured. 

(III.)  The  same  battery,  after  being  in  use  for  several 
days  in  short-circuit,  was  again  tested  by  the  half-deflection 
method.  The  needle  of  the  galvanometer  was  accurately 
set  to  zero,  when  it  was  ascertained  that  the  galvanometer 
was  in  good  adjustment,  giving  equal  deflections  on  both 
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sides  of  the  scale,  so  that  single  readings  would  be  sufficient. 
The  following  results  were  obtained : — 

Reading  on  Tangent  Scale.         Resistance.  Remark. 

152  40      1  Current  quite 

76  260     /     constant,  G  =  10. 

Hence 

B^R1-(2R  +  G)=260-(80  +  10)  =  170; 
or 

-r-~-  =  14  ohms  for  each  cell  very  nearly. 

(IY.)  Four  Daniell's  cells  of  the  Minotto  type  with  wet 
sand  gave,  without  external  resistance  (G  =  10),  a  =  42°. 
Hence 

tan  a  =  tan  42°  ='9004. 

Now,  from  the  tables,  ^  tan  a  =  -4502  =  tan  av  or  ax 
=  24°  15'. 

Resistance  was  then  put  into  the  circuit  until  a  deflec- 
tion of  24°  15'  was  obtained;  this  required  500  ohms. 
Hence 

B  =  500  - 10  =  490  ohms,  or  123  ohms  per  cell. 

89.  Use  of  Tangent  Galvanometer  for  determining  Wire 
Resistance. — The  method  of  determining  resistance  by  the 
Wheatstone's  bridge  being  a  zero  method,  and  therefore 
independent  of  the  variations  of  the  battery,  leaves  nothing 
further  to  be  desired.    It  is,  however,  well  that  the  student 
should  know  how  to  use  the  tangent  galvanometer  for  the 
purpose  of  approximately  measuring  wire  resistance,  for  it 
may  happen  that  it  is  the  only  instrument  available. 

LESSON  XL. — Wire  Resistance  by  Tangent 
Galvanometer. 

90.  Exercise. — To    determine   by  the  tangent   galvan- 
ometer the  resistance  of  two  coils  of  about  '5  and  1500 
ohms  respectively. 
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Apparatus.  —  The  same  as  before.  The  battery,  how- 
ever, should  be  capable  of  variation  from  one  to  twenty 
cells. 

Theory.  —  We  have,  precisely  after  the  method  of  last 
lesson, 

B  +  G  +  a?     tana 


where  ax  is  the  angle  of  deflection  with  the  unknown  re- 
sistance (x)  in  circuit.  From  (1)  we  have 

^=tan_a          G  + 
tan  aj 

Practice  of  the  Method.  —  In  using  formula  (2)  in  practice 
we  must  remember  that  B  may  vary  while  the  test  is  being 
made,  thus  causing  the  result  to  be  uncertain.  To  avoid 
this  source  of  error  as  much  as  possible  we  must  choose  — 

(1.)  As  constant  a  battery  as  possible. 

(2.)  A  battery  of  low  resistance,  for  the  lower  the  re- 

sistance of  the  battery  the  less  is  the  influence  of 

variation  on  the  whole  circuit. 
(3.)  An  external  resistance  sufficiently  high  in  comparison 

with  the  resistance  of  the  battery,  so  as  not  to 

endanger  the  constancy  of  the  latter. 

Assuming  the  constancy  of  B,  the  accuracy  of  the  de- 
termination will  depend  upon  the  correctness  of  the  ratio 

tana.    Now  we  have  proved  that  errors  have  least  influence 

tanttj 

when  the  pointer  is  at  45°,  hence  the  best  result  would  be 
obtained  when  a  =  ax  =  45°  ;  when  this  is  the  case  (2) 
becomes 

»=R        .....    (3) 

which  simple  formula  is  very  convenient. 

Examples.  —  (A.)  Resistance  of  a  wire  known  to  be  about 
•5  ohm.  Copper  strap  used. 
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External  Resistance.  Mean  Reading.  Tangent. 

I.                         0                         38-8  -804 

II.                       x                      29-6  -568 

III.                      1                      24  -445 

• 

From  I.  and  III.,  by  formula  (6),  p.  229, 


From  II.  and  III.,  by  formula  (2),  p.  236, 


(B.)  Resistance  of  coil  known  to  be  1830  ohms.  Five 
Grove's  cells  used.  Galvanometer  terminals  1-6. 

B  =  l-4,  G  =  71-25, 
with 

R  =  1640  ohms,  ^  =  46°, 
x        „         „      a2=43°. 
Hence 

x_  tan  46          Q  +  ^        _  ^  ^  _  ^  g2g  >2g  ohmg> 
tan  4o 

On  adjusting  R  until  aj  —  a0,  so  as  to  make  x  =  R,  the 
value  obtained  for  x  was  1820  ohms,  the  arrangement  not 
permitting  a  more  delicate  adjustment.  The  error  in  this 
last  case  is  within  *55  per  cent. 

91.  Determination  of  E.  M.  F.  by  the  Tangent  Galvanometer. 
—There  are  two  kinds  of  methods  that  can  be  applied  for 
finding  the  E.  M.  F.  of  a  battery  in  terms  of  that  of  a 
standard  element,  namely,  (1.)  methods  involving  a  know- 
ledge of  battery  resistance;  (2.)  methods  in  which  the 
battery  resistance  is  eliminated.  Under  the  first  head  we 
have 

(a)  The  Method  of  Unequal  Resistances  and  Deflections. 

(b)  The  Method  of  Equal  Resistances. 

(c)  The  Method  of  Equal  Deflections. 

Under  the  second  head  we  have 

(d)  Wheatstone's  Method  (Phil  Trans.,  1843,  p.  313). 
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(e)  Method  of  Sum  and  Difference  (often  in  England 
called  Wiedemann's  Method). 

As  these  various  methods  should  be  known  to  the 
student  they  will  be  made  the  subject  of  the  next 
lesson. 


LESSON  XLI.  —  B.  M.  P.  by  the  Tangent 
Galvanometer. 

92.  Exercise.  —  To  discuss  the  various  methods  for  com- 
paring E.  M.  F. 

Apparatus.  —  As  in  the  previous  lesson. 

Theory.  —  (a)  Method  of  Unequal  Resistances  and  Deflec- 
tions. —  Call  the  E.  M.  F.  of  the  two  batteries  Ex  and  E2, 
and  let  their  internal  resistances  be  Bx  and  B2,  while  Rj 
and  R2  are  the  external  resistances  in  the  two  circuits.  Let 
G  be  the  resistance  of  the  galvanometer,  and  let  the  result- 
ing deflections  be  c^  and  a2.  Then  with  the  one  battery 
we  have 


while  with  the  other 


Hence  dividing  (1)  by  (2)  we  have 

Ei_(Bi  +  G  +  Ri)tanai 
E2~(B2  +  G  +  R2)tana2 

an  equation  which  gives  us  the  relation  between  the  two 
values  of  E.  M.  F. 

(&)  Method  of  Equal  Resistances.  —  If  in  (3)  we  arrange 
the  resistances  so  that  Bj  +  G  +  Ej  =  B2  +  G  +  R0,  then  we 
have 

Ei     tan_oi 

E2     tana2 
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(c)  Method  of  Equal  Deflections.—  If  Kx  and  E2  be  ad- 
justed until  ax  =  a2,  then 


(rf)   WTieatstone's  Method.  —  Suppose  that  €j  represents  the 
total  resistance  in  the  circuit  of  Ep  when  the  deflection  is 


i          .         .         .         .         .     (1) 

Suppose  this  resistance  to  be  increased  by  the  addition  of 
Pl,  then 

-       -  '     -    (2) 


fl+f>l 

where  a2  is  the  new  deflection.  In  like  manner  to  get  the 
same  deflection  (ax)  with  the  battery  for  which  E.  M.  F.  is 
E2,  we  shall  have 

K  tanai  =  —    .         .         .        ...     (3) 

and 


From  (1)  and  (3)  we  have 

]|  =  -| (5) 

and  from  (2)  and  (4) 

EI    CI  +  PI  ,.,. 

vr=  — - —       .          .          .  .  .      (6) 

62 

Hence  from  (5)  and  (6),  by  taking  differences  of  numerators 
and  denominators, 


that  is  to  say,  the  electromotive  forces  are  as  the  added 
resistances. 
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(e)  Method  of  Sum  and  Difference.  —  Place  the  batteries 
to  be  compared  in  series,  then 

?2        ....     (1) 


where  e  is  the  total  resistance  in  the  circuit. 

Now  interchange  the  poles  of  one  of  the  batteries  so  as 
to  cause  EL  and  E2  to  oppose  each  other,  and  let  the  result 
be  as  follows  :  — 


(2) 


The  resistance  in  circuit  being  the  same  as  before.     From 
(1)  and  (2)  we  find 


....     (3) 

and  from  (3)  we  obtain 

EI     tan  ai  +  tan  a2  , . . 


Eo    tanaj— 

or  the  electromotive  forces  are  to  one  another  as  the  sum 
and  difference  of  the  tangents  of  the  angles  of  deflection 
when  the  cells  are  in  conjunction  and  opposition. 

Examples. — The  practice  of  the  above  methods  will  best 
be  understood  from  the  following  examples  : — 

Two  Grove's  cells  were  compared  against  one.  Copper 
strap  used. 

Determination  of  Battery  Resistance — 

Resistance.                    Deflection.  Tangent. 

1  Cell       I.     R  =  0                           55-25  1-441 

II.        =    '3                        35-3  -708 

III.        =    '2                        4075  -861 
I.  and  II.  give  '289,  I.  and  III.  '297.     Mean  value  of  battery  resist- 
ance =  '293. 

2  Cells.    R  =  0                           60-5  1768 

=   -6                        40-5  -854 
Mean  value  of  battery  resistance  =  '56. 

Comparison  of  E.  M.  F. 

Method  (a). — Galvanometer  terminals  1-2. 
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2  Cells.     R!  =  27,  Bx  =  '56,  G  =  '17,  ai  =  407,  tan  ai=  '8601. 

1  Cell.      Rt>  =  17,  B2=-29,  G='17,  a2  =  34'4,  tanao='685. 

E1_2773x-8601 
E2~17-46x-685 
Method  (b).—  Terminals  1-4. 

2  Cells.     R!  +  Bi  +  G  =  140     +  -56  +  15'28  =  155'84,  ai  =  58. 
1  Cell.      R*  +  B2  +  G  =  140-3-l-"29-!-15-28  =  155-87,  02  =  39. 

Log  tan  ai  -  Log  tan  02=10-2042  -  9  '9084=  "2958. 


Method  (c).—  Terminals  1-3. 

2  Cells.     Ri  +  B!  +  G  =  66  -5  +  -56  +  1  '48  =  67  '54,  oj  =  45. 
1  Cell.      R.2  +  B2  +  G  =  32     +  "29  +  1  '48  =  33  77,  00  =  45. 
Ei67'54 


Method  (d).—  Terminals  1-6. 
1  Cell.    Ri  +  Bj  +  G        =140  +  "29  +  71  -29  =  211-58,  ai  = 


2  Cells.    R..  +  B2  +  G        =344  +  '56  +  71  -29  =  415-85,  ^  =  59. 
1  Cell.     R^  +  B2  +  G  +  />2  =  415-85  +  396  a2=41. 

Ei     396 
IT  2^0  = 

Method  (e).  —  Terminals  1-4.     Total  resistance  in  circuit,  220  ohms. 
'     Cells  in  conjunction.      ai  =  60  '4,  tan  ai  =  1  76. 
„       opposition.        a2  =  31'0,  tan  a.2=    '6. 
E!_176+-6_2-36_ 
E2~176--6~l-16~ 

T? 

Assuming  the  true  value  of  ~  to  be  2,  we  see  that  in 

J&SL 

(a)  the  error  is  -    "25  per  cent. 
W    *         „     -1-2 
(c)    „         „        O'O 


93.  Standard  Tangent  Galvanometer.  —  In  the  formula  for 
the  tangent  galvanometer  which  we  have  discussed  the  two 
following  assumptions  have  been  made  —  (1.)  The  needle 
has  been  assumed  to  be  very  small,  and  (2.)  the  posi- 
tions of  the  several  turns  of  the  coil  have  been  supposed 
to  be  the  same.  It  is  beyond  the  scope  of  this  work  to 
give  proofs  of  the  complicated  formulae  that  result  when 
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departures  from  these  assumptions  are  taken  into  con- 
sideration. For  this  the  student  must  be  referred  to  the 
work  of  Clerk  Maxwell  (vol.  ii.,  new  edition,  chap,  xv.), 
from  which  we  take  the  following  expression  for  a  tangent 
galvanometer,  consisting  of  a  single  coil  with  a  magnet  at 
its  centre. 

Let  a  —  mean  radius  of  coil. 

£  =  depth  of  coil. 

t]  —  breadth  of  coil. 

n  =  number  of  windings. 

H  =  horizontal  intensity  of  the  earth's  magnetism. 

C  =  strength  of  current. 

a  =  angle  of  deflection. 

21  =  length  of  magnet. 
Then,  as  a  near  approximation, 

f  4—3(1  -  5  sin2  a)  r  =  - —  tan  a    .     (1) 

when  a  is  very  great  compared  with  £  and  t]. 
The  correcting  factor 


is  of  less  importance  than 

072 


(3) 


and  by  making  the  depth  of  the  coil  bear  to  the  breadth 
the  ratio  of  v  3  to  \/2,  expression  (2)  may  be  made  to 
become  unity. 

The  value  of  (2)  when  a  =  10£  =  10r/  will  be 

l  +  iVTfo-lTfor=  '999584, 

which  differs  from  unity  by  less  than  '05  per  cent. 
The  value  of  (3)  will  depend  on  a.     If 

O72 

a  —  0  the  correcting  factor  is  1  +  -r—z- 
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If 

1-5  sin2  o  =  0,  i.e.,  if  a  =  26°  34',  the  factor  becomes  unity. 

If  9  p 

a  =  45  it  becomes  1  ---  5' 
8  a2 

If  p 

a  =  W  „         1-3^- 

For  a  case  in  which  the  diameter  of  the  coil  is  ten 
times  the  length  of  the  needle,  and  a  =  45°,  the  term 
amounts  to 

l-f-T^=-989, 

being  about  1  per  cent  less  than  unity. 

We  may  make  the  correction  much  smaller  by  adopting 
two  equal  coils  after  the  manner  of  Helmholtz  and  Max- 
well. Here  the  coils  must  be  placed  symmetrically  with 
regard  to  the  needle,  at  a  distance  from  the  needle  equal  to 
half  the  radius  of  either  coil.  We  shall  prove  in  Chap. 
VII.  that 

C=H(^ 
2nira2 

in  the  case  of  a  single  coil  of  n  windings  at  x  distance 
from  the  needle.  In  the  above  double  coil  we  have  x  =  |  > 
and  the  current  would  have  a  double  influence,  hence 


.         .     (2) 

This  is  the  formula,  disregarding  the  length  of  the 
needle  and  the  depth  and  breadth  of  the  coil.  By  making 
i=  /g  the  corrections  due  to  these  dimensions  nearly 

vanish,  the  complete  formula  being 

5\/5Ha, 


This  will  be  very  nearly  the  same  as  (2),  when  £  is  very 
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departures  from  these  assumptions  are  taken  into  con- 
sideration. For  this  the  student  must  be  referred  to  the 
work  of  Clerk  Maxwell  (vol.  ii.,  new  edition,  chap,  xv.), 
from  which  we  take  the  following  expression  for  a  tangent 
galvanometer,  consisting  of  a  single  coil  with  a  magnet  at 
its  centre. 

Let  a  =  mean  radius  of  coil. 

£  =  depth  of  coil. 

V]  =  breadth  of  coil. 

n  =  number  of  windings. 

H  =  horizontal  intensity  of  the  earth's  magnetism. 

C  =  strength  of  current. 

a   =  angle  of  deflection. 

21  =  length  of  magnet. 
Then,  as  a  near  approximation, 


when  a  is  very  great  compared  with  £  and  17. 
The  correcting  factor 

i+^S-4^ (2) 

LZi  Or      O  Ci 

is  of  less  importance  than 

(3) 


and  by  making  the  depth  of  the  coil  bear  to  the  breadth 
the  ratio  of  \/3  to  \/2,  expression  (2)  may  be  made  to 
become  unity. 

The  value  of  (2)  when  a  =  10£  =  10ry  will  be 

l  +  Arrfo-&Tta=  '999584, 

which  differs  from  unity  by  less  than  '05  per  cent. 
The  value  of  (3)  will  depend  on  a.     If 

Q72 

a  =  0  tlie  correcting  factor  is  1  +  j-g. 
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If 

1-5  sin2  a  =  0,  i.e.,  if  a  =  26°  34',  the  factor  becomes  unity. 

If  9  p 

a.  =  45  it  becomes  1  ---  5- 

8  a- 

if  p 

«=90          ,.         1-85,. 

For  a  case  in  which  the  diameter  of  the  coil  is  ten 
times  the  length  of  the  needle,  and  a  =  45°,  the  term 
amounts  to 

l-fT**=m 
being  about  1  per  cent  less  than  unity. 

We  may  make  the  correction  much  smaller  by  adopting 
two  equal  coils  after  the  manner  of  Helmholtz  and  Max- 
well. Here  the  coils  must  be  placed  symmetrically  with 
regard  to  the  needle,  at  a  distance  from  the  needle  equal  to 
half  the  radius  of  either  coil.  We  shall  prove  in  Chap. 
VII.  that 


in  the  case  of  a  single  coil  of  n  windings  at  x  distance 
from  the  needle.  In  the  above  double  coil  we  have  x  =  |  > 
and  the  current  would  have  a  double  influence,  hence 


tana 

(2) 


This  is  the  formula,  disregarding  the  length  of  the 
needle  and  the  depth  and  breadth  of  the  coil.  By  making 
A=  /-  the  corrections  due  to  these  dimensions  nearly 

n        V    31 

vanish,  the  complete  formula  being 


This  will  be  very  nearly  the  same  as  (2),  when  (  is  very 
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many  turns  of  fine  wire  for  weak  currents,  and  one  consist- 
ing of  a  single  turn  of  copper  strap  for  strong  currents. 

A  standard  instrument  should  be  provided  with  a  sus- 
pended rather  than  with  a  pivoted  needle,  for  the  friction 
of  the  pivot  is  always  an  objectionable  element.  When  an 
ordinary  compass  box  is  used  the  needle  may  be  similar  in 
construction  to  that  already  described,  but  suspended  from 
a  suitable  torsion-head.  In  order  to  bring  the  needle 
rapidly  to  rest  it  should  have  a  damper  attached  to  it  that 
may  swing  in  a  vessel  of  water  or  light  oil.  A  good 
arrangement  is  to  provide  the  needle  with  a  small  mirror, 
so  that  readings  may  be  taken  on  a  suitable  galvanometer 
scale.  Fig.  128  shows  a  standard  galvanometer  with  a 


Fig.  128.— STANDARD  GALVANOMETER. 

reflecting  arrangement  centrally  situated  at  h  in  a  brass 
cell  d,  so  as  to  be  almost  dead  beat.  The  cell  is  held  in 
position  by  being  inserted  in  a  slit  in  the  tube  /  that  fits 
the  hole  h. 
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LESSON  XLIL  —  Use  of  Standard  Galvanometer- 
Determination  of  E.  M.  F. 

96.  Exercise.  —  To  find  the  E.  M.  F.  in  volts  of  a  Grove's 
cell. 

Apparatus.  —  An  absolute  galvanometer  with  commuta- 
tor ;  two  Grove's  cells  ;  a  box  of  coils. 

Theory.  —  The  battery,  the  box  of  coils,  and  the  galvan- 
ometer being  connected  in  series,  let  the  total  resistance  in 
the  circuit  be  R,  also  let  E  denote  the  electromotive  force 
of  the  cells,  and  C  the  current  produced,  then,  by  Ohm's  law, 

,  ;  ;    HI-  •  •  •  •  •  <i> 

Now  let  the  resistance  be  increased  by  ?*,  then 


From  (1)  and  (2),  eliminating  R,  we  find 


The  values  of  C  and  Cj  are  determined  in  C.  G.  S.  measure 
by  the  standard  galvanometer,  for  we  have  respectively 

C  =  Hrtana    ...         .         .     (4) 
and 


.-..-.         .     (5) 

where  a  and  ax  are  the  angles  of  deflection  observed.  In- 
serting these  values  in  (3),  there  results 

E=HIVxlOS>  tenatfnai  .  (6) 

tan  a  -  tan  ai 

This  will  give  the  value  of  E  in  C.  G.  S.  units,  since  for 
this  purpose  the  value  of  the  resistance  in  ohms  must  be 
multiplied  by  109.  But  since  also  one  volt=  108  C.  G.  S. 
units,  the  value  of  E  in  (6)  must  therefore  be  divided  by 
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108  in  order  to  reduce  its  value  to  volts.     Hence  finally 

HIV  tan  a  tan  ai     109     10HIY  tan  a  tan  ai 

E  (m  volts)  =  — 1 fxT^R  =  - —  -•     (') 

tan  a- tan  ai        108          tan  a-  tan  en 

Method. — Make  a  circuit  consisting  of  the  galvanometer 
provided  with  a  commutator,  the  box  of  coils,  and  the 
battery  arranged  in  series.  Take  sets  of  double  readings 
with  varying  resistances,  and  calculate  out  the  values  of  E 
from  different  pairs  of  observations. 

Example. — The  coil  of  the  standard  galvanometer  used 
consisted  of  a  single  turn  of  thick  copper  -^  inch  thick. 
The  inner  diameter  of  the  hoop  was  22*5  inches,  and  the 
hoop  itself  was  |  inch  thick.  Hence  the  radius  of  the 
copper  strap  was  11  "5  inches.  Therefore 

a  _  11-5x2-539 
~2?i7r~2x  1x3-1416' 

where  2'539  is  the  multiplier  which  converts  inches  into 
centimetres.  The  value  of  H  had  been  previously  deter- 
mined by  the  magnetometer  and  found  to  be  '17  C.  G.  S. 
units,  so  that 

•17xll-5x2-539_ 
'    2x1x3-1416    ' 

Two  Grove's  cells  provided  with  a  commutator  were 
connected  with  the  copper  strap  by  means  of  adynamic 
leads  ;  that  is  to  say,  leading  wires  so  twisted  together  that 
they  had  no  direct  effect  upon  the  galvanometer  when  they 
conveyed  a  current.  A  box  of  resistances  of  the  values 
*5,  '2,  *2,  and  "1  ohms,  made  of  thick  German  silver  wire, 
was  also  in  circuit.  It  was  found  that  the  current  did  not 
perceptibly  heat  the  coils.  Readings  were  taken  to  a  tenth 
of  a  degree.  One  of  the  observations  gave  a  =  3 4° "5, 
04  =  23°,  r  =  -4.  Hence  tan  a  =  '6873,  tan  04  =  '4245  ;  and 
hence  also 


„     10  x  797  x  -4x-6873x  '4245  _0  ... 
•6873 -'4245  =8'51' 


or  1-76  per  cell. 
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• 

The  result  was  lower  than  that  expected,  and  the 
difference  was  found  to  be  due  to  the  fact  that  H 
had  a  higher  value  than  '17,  owing  to  the  presence  of 
local  iron.  This  is  the  most  fruitful  source  of  inaccuracy 
in  measurements  of  this  kind  when  made  in  laboratories 
not  specially  constructed  with  a  view  to  avoid  the 
error. 

97.  Electro-Chemical  Equivalents. — When  an  electrolyte 
is  placed  in  a  galvanic  circuit  the  amount  of  chemical 
decomposition  in  unit  time  for  unit  strength  of  current  is 
a  fixed  quantity.  The  mass  of  substance  liberated  at  the 
electrode  is  called  its  electro-chemical  equivalent.  The 
equivalents  for  certain  important  elements  have  been 
determined  with  great  accuracy  by  Lord  Kayleigh  and 
others.  Thus  the  amount  of  silver  deposited  from  silver 
nitrate  in  one  second  by  one  ampere  of  current  is  '001118 
gramme.  By  the  aid  of  this  number  the  electro-chemical 
equivalent  of  any  element  can  be  found  if  we  know  its 
chemical  equivalent ;  for  if  the  same  current  be  sent  in 
succession  through  different  electrolytes  the  amount  of  the 
elements  deposited  at  the  electrodes  would  be  in  the  ratio 
of  the  chemical  equivalents.  Thus  we  have 

Chemical  equivalent  of  silver       =  108 
,,  ,,  hydrogen  =     1 

Hence  the  electro-chemical  equivalent  of  H  is 
•001118x1 


108 


=  •00001035. 


Again,  since  the  chemical  equivalent  of  copper  in  the 
cupvic  state  is  ^=31*5,  the  electro-chemical  equivalent  is 


Let  W  denote  the  mass  in  grammes  liberated  at  one 
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electrode  by  a  current  of  strength  C  in  /  seconds,  and  let  e 
be  the  electro-chemical  equivalent,  then  we  have 


orC  =  — 

66 


•    (1) 


This  will  enable  us  to  measure  currents  by  ascertaining 
the  mass  in  grammes  liberated  in  a  given  time. 

In  the  case  of  water  it  is  customary  to  determine  the 
total  weight  of  water  decomposed.  Now  an  ampere  in 
one  second — in  other  words,  a  coulomb — will  liberate 
•00001035  gramme  of  hydrogen  and  eight  times  the 
weight  of  oxygen,  or  '00008280  gramme.  Hence  a  cou- 
lomb will  decompose  '00009315  gramme  of  water.  If 
instead  of  weighing  the  water  we  measure  the  volume  of 
one  or  both  the  gases  liberated,  it  will  be  convenient  to 
know  the  relation  between  the  volume  of  these  and  their 
weight.  Now  1  gramme  of  hydrogen  measures  at  0°  0. 
and  760  mm.  pressure  11170  cubic  centimetres.  By  aid 
of  this  number  it  will  be  easy  to  convert  the  weights  into 
volumes.  The  resulting  values  and  others  that  are  also 
useful  are  exhibited  in  the  following  table  : — 


TABLE  I. 

ELECTRO-CHEMICAL  EQUIVALENTS. 


Grammes  per 
Coulomb. 

Normal  cubic 
centimetres 
per  Coulomb. 

Hydrogen 

•00001035 

'1156 

Silver 

•001118 

Copper  (cupric) 

•000326 

... 

Mercury  (mercuric) 

•001035 

Zinc     .      .  .      • 

•0003364 

Oxygen 

•0000828 

•0578 

Water  . 

•00009315 

•1734 
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LESSON  XLIII. — Galvanometer  Constant  by  Copper 
Deposition. 

98.  Apparatus. — The  depositing  cell  of  Lesson  XV., 
with  accompanying  liquids,  etc. ;  a  Daniell's  battery ;  box 
of  coils;  commutator;  chemical  balance ;.  stop-watch ;  the 
galvanometer  whose  constant  is  required. 

Method. — Adjust  the  number  of  cells  in  the  battery  and 
the  resistance  until  the  deflection  of  the  galvanometer  is 
not  greater  than  60°,  the  connections  being  as  in  Fig.  129, 


where  D  is  the  depositing  cell.  Next  thoroughly  clean 
the  anode  and  the  working  cathode — dry  them  in  a  current 
of  hot  air  and  weigh  them  to  within  half  a  milligramme. 
Now  fix  them  in  their  position  in  the  depositing  cell,  the 
circuit  being  still  incomplete.  Set  the  stop-watch  to  an 
exact  hour,  and  then  simultaneously  start  the  current  and 
the  watch.  Read  the  galvanometer,  rapidly  reverse  the 
commutator  so  as  not  to  lose  time,  and  read  again.  Take 
readings  from  time  to  time  and  adjust  the  resistance  in 
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circuit  if  the  deflection  does  not  keep  constant.  The 
deposition  should  be  continued  for  some  time,  at  least  two 
hours,  and  at  the  end  of  the  time  the  current  should  be 
discontinued,  and  the  clock  stopped.  Remove  the  cathode, 
wash  it  well  first  in  common  water  and  then  in  distilled 
water,  dry  it  in  a  current  of  hot  air  and  weigh  it.  From 
the  gain  in  weight  in  the  observed  time  calculate  the  aver- 
age current  that  has  been  circulating.  This  having  been 
determined,  deduce  the  constant  of  the  galvanometer  from 
the  formula 

K_    C 

tan  a' 

where  of  is  the  average  deflection. 

Precautions. — The  battery  chosen  for  this  purpose  should 
be  a  constant  one.  When  the  constant  to  be  determined 
is  small,  Daniell's  may  be  employed.  The  Daniell's  battery 
should  be  left  short-circuited  through  a  resistance  some 
time  before  use,  so  that  it  may  be  in  a  normal  working 
condition. 

If  it  be  necessary  to  have  a  strong  current,  a  Grove's 
or  Bunsen's  battery  should  be  used,  and  it  will  then  be 
necessary  to  employ  plates  in  the  depositing  cell  of  a  large 
size  ;  for  when  a  certain  density  of  current  (that  is  to  say, 
number  of  units  of  current  to  unit  area  of  electrode)  is 
exceeded  the  deposit  is  in  the  form  of  a  powder  and  does 
not  adhere.  It  is  ascertained  that  the  loss  of  weight  of  the 
anode  cannot  be  used  as  an  accurate  measure  of  the  current, 
owing  to  secondary  corrosive  chemical  action  and  disinteg- 
ration producing  loss  of  weight,  which  would  vitiate  the 
determination  of  real  electrolyte  loss. 

Example. — 

"Weight  of  cathode  at  commencement      .         .     10 '425  grms. 
at  end  11  '219     , 


Gain  in  weight       .         .         .         794 
Mean  deflection  47°.     Tan  47°  =  1 '0724.     Time  125  minutes. 
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"794 
Hence  weight  of  copper  in  grammes  per  second  =6Qxl25' 

"794 
Strength  of  current  in  amperes  =  60  x  125  x  .000326  • 

*794 
Constant  of  galvanometer  =  golTlMlc  K)00826  x  1 -0724  =  '3028. 


LESSON  XLIV. — Galvanometer  Constant  by  Silver 
Deposition. 

99.  Apparatus. — A  Poggendorffs  voltameter,  Fig.  130. 
In  this  form  the  anode  and  cathode  are  horizontal,  the 
former  being  placed  above  the  latter.  The  cathode  is  a 


Fig.  130.— POGOENDORFF'S  VOLTAMETER. 

platinum  basin  Pt  fitting  within  a  copper  ring,  which  is 
provided  with  a  terminal  s.  The  platinum  basin  is  easily 
removable  from  the  ring,  and  yet  fits  sufficiently  firmly  to 
give  good  electric  contact.  The  anode  is  a  square  plate  of 
silver  Kg,  with  its  four  corners  turned  up.  The  plate  is 
supported  by  platinum  wires  passing  through  small  holes 
in  the  corner  of  the  plate,  and  secured  to  hooks  that  are  in 
metallic  connection  with  the  terminal  s'.  The  anode  is 
kept  firm  by  the  help  of  a  glass  rod  r,  having  a  cork  h  at 
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the  top,  which  is  forced  between  the  upper  surface  of 
the  anode  and  the  lower  surface  of  the  supporting  arm. 
The  arm  is  movable  up  and  down  the  ebonite  pillar  p. 
Silver  nitrate  will  be  required  for  charging  the  voltameter. 
The  other  apparatus  necessary  will  be  the  galvanometer, 
etc.,  as  in  the  last  lesson;  also  a  desiccator,  i.e.,  a  glass 
chamber  containing  calcium  chloride,  in  which  the  platinum 
basin  may  be  placed. 

Method. — The  only  details  requiring  notice  beyond  those 
given  in  the  previous  lesson  are  those  relating  to  the 
voltameter.  Make  a  solution  containing  from  5  to  30 
per  cent  of  silver  nitrate,  according  to  the  strength  of  the 
current  employed — the  stronger  the  current  the  stronger 
should  be  the  solution.  Lord  Eayleigh  and  Mrs.  H. 
Sidgwick,1  who  have  investigated  the  precautions  necessary 
to  obtain  the  highest  degree  of  accuracy  with  a  silver 
voltameter,  find  the  following  conditions  satisfactory  : — 

TABLE  K. 
WORKING  CONDITIONS  OF  SILVER  VOLTAMETER. 


Max.  strength 
of  Current 

Percentage  of 
Silver  Nitrate 

Length  of  time 
of  Deposit  in 

Diameter  of 
Platinum  Dish 

in  Amperes. 

in  Solution. 

Minutes. 

in  Inches. 

•25 

1 

15 

60 

3 

2 

30 

15 

5 

30 

15 

92 

To  make  use  of  this  table  some  information  should  be 
obtained  as  to  the  strength  of  the  current  required  by 
means  of  a  tangent  galvanometer  whose  constant  is  approxi- 

1  Phil.  Trans.  t  1884,  p.  411,  on  "The  Electro -Chemical  Equivalent 
of  Silver,"  and  on  "The  Absolute  E.  M.  F.  of  Clark's  Cells,"  by  Lord 
Rayleigh  and  Mrs.  H.  Sidgwick. 

2  Formed  by  three  3-inch  bowls  in  multiple  arc. 
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mately  known.  The  platinum  basin  must  be  thoroughly 
cleaned  with  nitric  acid,  well  washed  with  distilled  water, 
and  then  placed  in  a  porcelain  evaporating  basin  and  heated 
by  the  flame  of  a  spirit  lamp.  When  dry  the  hot  basin 
must  be  placed  in  the  desiccator,  and  accurately  weighed 
when  cool. 

The  anode  should  be  a  piece  of  fine  sheet -silver, 
about  £  inch  thick,  and  should  be  cut  of  such  a  size  as  to 
leave  a  good  space  between  its  edges  and  the  side  of  the 
bowl.  When  suspended  by  the  platinum  wires  in  the 
way  we  have  described,  the  plate  should  be  enclosed  as 
in  a  bag  by  a  piece  of  the  best  filter  paper,  which  may  be 
secured  in  its  place  by  means  of  an  elastic  band,  see  b  Fig. 
130.  This  bag  of  filter  paper  serves  to  protect  the  cathode 
from  disintegrated  silver,  which  is  invariably  formed  on  the 
anode.  When  the  deposition  is  complete  the  silver  solution 
should  be  returned  to  the  stock  bottle,  and  the  anode  and 
cathode  well  washed  with  distilled  water.  After  rinsing 
the  dish  a  few  times  with  water  it  should  be  filled  up  with 
water  and  left  to  soak  for  an  hour,  and  then  enclosed  within 
a  porcelain  basin  and  heated  by  a  spirit  lamp.  Finally, 
the  dish  should  be  well  washed  and  dried,  enclosed  within 
the  basin  over  the  spirit  lamp  for  an  hour,  and  then  weighed. 

The  chemical  student  will  perceive  that  the  precautions 
are  exactly  those  adopted  in  quantitative  analysis. 

LESSON  XLV. — Galvanometer  Constant  by  Decom- 
position of  Water  (weight  voltameter). 

100.  Apparatus. — A  weight  voltameter.  This  consists 
essentially  of  two  tubes,  one  containing  acidulated  water 
and  platinum  electrodes,  and  the  other  a  material  for 
desiccating  the  evolved  gas.  Three  various  arrange- 
ments, which  we  have  found  satisfactory,  are  figured 
below.  In  A  Fig.  131  the  tube  T  is  placed  in  connection 
with  a  calcium  chloride  tube  rt  by  means  of  a  paraffin 
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joint  P,  and  not  india-rubber.1  The  electrodes  e  e  are 
soldered  through  the  glass ;  they  are  protected  from  a 
tendency  to  break  off  at  the  glass  by  means  of  a  piece 
of  india-rubber  tubing,  which  is  slipped  on  at  i.  The 
joint  P  is  avoided  in  the  arrangement  B."  Here  the  two 
tubes  are  formed  by  contracting  at  the  middle  and 


Fig.  131.— WEIGHT  VOLTAMETERS 

bending  in  U  form  a  piece  of  wide  glass  tubing.  The 
electrodes  pass  through  holes  in  a  cork  soaked  in  paraffin. 
The  open  end  of  t  is  also  closed  by  means  of  a  cork  soaked 
in  paraffin,  having  a  small  tube  passing  through  it  by  which 
the  permanent  gas  may  escape.  The  neatest  arrangement 
is  that  shown  in  C,  which  can  be  constructed,  by  any  one 
familiar  with  glass  working,  out  of  two  weighing  tubes  t  and 
T  that  have  wide  ground-glass  perforated  stoppers  s1  and  sz. 


1  India-rubber  cannot  be  used  for  a  weight  voltameter,  as  it  is  rap- 
idly destroyed  by  the  action  of  the  evolved  ozone, 
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The  best  drying  material  is  asbestos  soaked  in  strong 
sulphuric  acid. 

MetJwd. — The  apparatus,  being  charged  by  placing  dilute 
sulphuric  acid  in  T  and  drying  material  in  t,  is  suspended 
from  the  balance  and  weighed,  the  open  end  being  mean- 
while closed  with  a  cork  c  that  has  been  soaked  in  paraffin/. 
Next  the  voltameter  is  placed  in  circuit  and  the  decom- 
position allowed  to  proceed  during  a  known  time.  When 
the  current  is  broken  the  open  end  is  again  stopped, 
the  apparatus  allowed  to  cool,  if  necessary,  and  then  re- 
weighed. 

Example. — Verification  of  the  constant  of  a  current 
measurer  (an  electro-dynamometer)  in  which  the  following 
relation  was  supposed  to  hold  : — 


" 

wliere  C  is  the  current,  K  the  constant,  and  a  the  reading. 

Mean  value  of  a     .         .         .         .         .  =  80  7 

Loss  of  weight  of  voltameter          .         .         .  *5746 

Time =60  minutes. 

C-  -5?46  -!.711 

60  x  60  x  -00009315 

Hence 


V807 


which  agreed  very  well  with  the  certificate  of  the  maker, 
who  gave  K=  '1902. 


LESSON  XLYI. — Use  of  the  Volume  Voltameter. 

101.  Apparatus. — Two  different  types  of  volume  volta- 
meters are  shown  in  Figs.  132  and  133.  In  Fig.  132  the 
two  gases  are  evolved  from  an  ordinary  funnel  voltameter  V, 
whose  construction  has  already  been  described  (see  Chap. 
III.),  and  are  collected  in  a  quarter  or  half-litre  flask  pro- 
vided with  an  etched  millimetre  scale  on  its  neck  (see  Vol. 
VOL.  n.  s 
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I.  p.  106).      The  volume  of  the  flask  up  to  the   various 
marks  should  be  accurately  ascertained  (see  Vol.  I.  p.  107). 


Figs.  132  and  133.— VOLUME  VOLTAMETERS. 

To  lead  the  evolved  gas  into  the  flask  a  small  funnel  /  is 
placed  over  the  electrodes. 
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The  voltameter  is  charged  with  water  acidulated  with 
phosphoric  acid  obtained  by  dissolving  phosphoric  pent- 
oxide  in  water,  for  this  acid  has  the  property  of  preventing 
the  formation  of  ozone,1  which  would  interfere  with  the 
operation  by  diminishing  the  volume  of  oxygen. 

In  the  apparatus  of  Fig.  133  the  hydrogen  only  is  col- 
lected. This  form  has  the  advantage  of  giving  a  greater 
length  of  time  for  collecting  a  given  volume  of  gas,  also 
avoiding  the  error  caused  by  the  formation  of  ozone.  Here 
it  is  necessary  to  make  arrangements  to  isolate  the  oxygen. 
This  is  done  by  interposing  the  porous  pot  p  between  the 
electrodes  e  and  e'.  The  electrode  e  is  of  platinum  fused 
into  the  glass  tube  g,  which  contains  mercury  for  the  purpose 
of  making  the  connection  with  the  negative  pole  of  the 
battery.  The  electrode  e'  is  a  hollow  cylinder  of  carbon, 
such  as  is  used  in  some  batteries  of  the  Bunsen  form.  The 
whole  is  enclosed  in  the  outer  glass  vessel  V.  Over  the 
mouth  of  the  porous  pot  is  a  small  funnel  for  leading  the 
gas  into  the  burette  d.  Surrounding  the  burette  is  a 
wider  glass  tube  n,  which  is  filled  with  water  for  keeping 
the  liberated  gas  at  a  constant  temperature,  as  recorded 
by  the  thermometer  /.  The  burette  is  supported  by  a 
wooden  stand  not  shown  in  the  figure.  To  the  end  of 
the  burette  there  is  attached  an  india-rubber  tube  y  for  the 
purpose  of  raising  the  liquid  in  the  burette  by  suction. 
The  voltameter  is  charged  with  dilute  sulphuric  acid.  The 
best  strength  is  that  which  contains  30  per  cent  of  acid, 
as  this  gives  the  maximum  degree  of  conductivity ;  but  it 
will,  as  a  rule,  be  unnecessary  to  use  a  stronger  acid  than 
one  containing  15  per  cent. 

Method  of  Eedudng  the  Observations. — The  problem  is  to 
ascertain  the  volume  of  H,  or  of  H  and  O,  reduced  to 
normal  temperature  and  pressure,  which  is  evolved  in  a 
known  time.  Let  us  suppose  that  at  first  the  measuring 

\  l  Mascart.  —This  is  specially  true  of  small  electrodes. 
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vessel  is  quite  full  of  liquid,  and  that  the  amount  of  gas 
given  off  in  n  seconds  has  the 
apparent  volume  V.  This  volume 
exists  at  the  pressure  H,  as  given 
by  the  barometer,  less  the  back 
pressure  due  to  the  height  h  of 
liquid  that  still  remains  above  the 
level  of  the  reservoir  (see  Fig. 
134).  The  pressure  due  to  h 
must  be  converted  into  inches  of 
mercury,  in  order  that  it  may  be 
expressed  in  the  same  units  as 
the  barometric  pressure.  If  we 
call  A  the  relative  density  of  the 


I 


Fig.  134. 
Ah 


liquid,  then  —  will  be  the  equivalent  pressure  in  inches  of 
mercury.  The  value  of  A  for  several  strengths  is  exhibited 
in  the  following  table  : — 

TABLE  L. 

RELATIVE  DENSITY  OF  DILUTE  SULPHURIC  ACID. 

Percentage  by  weight  of  Sulphuric  Acid.  Density = A 

5  1-03 

10  1-07 

15  1-11 

20  1-14 

25  1-18 

30  1-22 

A  further  correction  will  require  to  be  made,  for  the 
tension  of  the  vapour  above  the  dilute  acid  must  be  de- 
ducted. For  very  dilute  acid  the  tension  may  be  con- 
sidered to  be  that  due  to  water  alone  ;  in  other  cases  the 
correct  value  must  be  used  (see  Appendix  G,  Table  Q). 

If  the  vapour  tension  be  called  T,  the  corrected  bar- 
ometric pressure  H'  will  be  expressed  as  follows : — 

H'-H-  -M  -T 
13-6 
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The  true  volume  V  of  the  gas  will  be,  for  the  normal 
temperature  and  pressure  (0°  C.  and  760  mm.), 

v=v .  * 


760     1  +  -003665;' 


where  t  is  the  temperature  in  centigrade  degrees.  The 
true  volume  of  the  gas  being  thus  ascertained  in  cubic 
centimetres,  the  current  in  amperes  will  be,  if  the  hydrogen 
alone  is  collected, 


'~nx-115t>' 

while  if  both  gases  are  collected  it  will  be 

V 


C= 


n  x  -1734 


where  n  denotes  the  time  during  which  the  gases  are 
liberated  in  seconds. 

Practice  of  the  Method. — When  the  apparatus  of  Fig.  133 
is  used  it  will  be  necessary  to  ascertain  once  for  all  the 
volume  between  the  top  graduation  mark  on  the  burette 
and  the  space  up  to  the  stopcock.  This  may  be  done  by 
weighing  the  amount  of  mercury  or  water  which  will  fill 
the  space  (see  Vol.  I.  p.  107). 

The  burette,  being  replaced  in  the  voltameter,  is  then 
filled  with  liquid  by  suction,  and  at  a  known  time  the 
circuit  is  completed.  Decomposition  is  allowed  to  proceed 
until  the  burette  is  nearly  filled  with  gas,  when  the  circuit 
is  broken  and  the  time  again  noted.  The  height  of  the 
liquid  in  the  burette  above  the  general  surface  of  the  liquid 
is  obtained  by  means  of  a  glass  millimetre  scale,  or  it  may 
be  read  off  directly  on  the  divisions  of  the  burette,  which 
should  be  compared  with  a  millimetre  scale.  The  bar- 
ometer must  be  read  at  the  end  of  the  experiment,  and 
also  the  thermometer  inserted  in  the  water  of  the  outer 
tube. 

The  flask  (Fig.  132)  when  about  to  be  used  must  be  filled 
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with  acidulated  water  free  from  air-bubbles.  When  filled 
with  gas  it  may  be  removed  from  the  voltameter  to  a  glass 
trough  containing  water,  where  water  from  the  tap  may  be 
allowed  to  flow  over  it  so  as  to  bring  the  gas  to  a  constant 
temperature.  The  height  of  the  water  in  the  flask  should 
in  this  case  be  adjusted  to  that  of  the  trough,  in  order  to 
avoid  the  h  correction.  The  gas  being  measured  over 
water,  the  correction  for  vapour  tension  will  be  that  due 
to  water  only. 

Example. — It  was  wished  to  compare  the  constant  of  a 
standard  galvanometer  obtained  by  calculation  with  that 
obtained  by  the  use  of  the  voltameter. 

Hydrogen  alone  was  collected  in  the  voltameter,  which 
was  of  the  burette  form.  Height  of  barometer  =  766 '7  mm. 
=  H.  Mean  temperature  =  1 3°*5  =  t.  The  galvanometer, 
provided  with  a  commutator,  was  placed  in  series  with  the 
voltameter  and  four  Grove's  cells.  Observed  deflection  on 
galvanometer  =  42°'7,  43°'9,  41°'l.  Mean,  42°-6.  35-8 
cc.  (  =  V)  of  hydrogen  were  collected  in  27  minutes  and  2 
seconds  =1622  seconds  =  n.  Height  of  liquid  in  burette 
at  end  of  experiment  =  1 4*2  cm.  =  h.  Liquid  in  voltameter 
had  a  density  of  1  '1  =  A,  which  corresponded  with  a  vapour 
density  at  13*5  of  11 '5  mm.  =  T. 

Here 

and 

r=35.87m  i  =33.38 

760       1  +  ('003665  x  13'5) 

therefore 

33-38 


and 

•1  78 


=-1938. 
tan  42-6 


This  number  agreed  with  that  obtained  by  calculation 
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from  the  dimensions  of  the  coil  and  the  local  value  of  H, 
which  gave  "1923. 

102.  Joule's  Law.  —  The  work  W  done  by  an  electric 
current  in  moving  Q  units  of  electricity  from  a  point  where 
the  electric  potential  is  V2  to  another  where  it  is  Vx  is 

W=Q(V,-V1)  .....    (1) 

The  truth  of  this  statement  will  be  at  once  recognised  if 
we  reflect  that  as  a  matter  of  definition  there  is  unit  differ- 
ence of  potential  between  two  points  when  it  requires  unit 
of  work  to  convey  unit  of  electricity  from  the  one  point  to 
the  other  against  electric  repulsion.  The  amount  of  work 
in  the  above  formula  is  thus  jointly  proportional  to  the 
quantity  of  electricity  and  to  the  difference  of  potential  or 
electric  level.  But  we  have  also 


where  C  is  the  strength  of  the  current  and  t  the  time  during 
which  it  flows ;  hence,  remembering  that  for  V2  —  V1  we 
may  write  E,  the  electromotive  force  between  the  points, 
we  have 

W=CE* (3) 

But,  by  Ohm's  law,  if  R  be  the  resistance  between  the  two 
points, 

E=CR (4) 

Hence  we  have 

W=C2R£ (5) 

If  the  electrical  energy  be  converted  into  heat  H,  then 

W=JH       .        .        .        .        .     (6) 

J  denoting  the  mechanical  equivalent  of  heat.  Inserting 
the  value  of  \V  in  (5),§we  obtain 

C=      /JH 


This  last  equation  expresses  Joule's  law,  and  enables  a 
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current  to  be  determined  in  terms  of  the  heat  given  out  in 
a  circuit  of  resistance  R  during  the  time  t.  The  value  of 
J  is  4*2  x  107  ergs  per  gramme-degree. 

LESSON   XLVII. — Application  of  Joule's  Law. 

103.  Exercise.— To  de- 
termine the  constant  of 
a  galvanometer  by  Joule's 
law. 

Apparatus.  —  A  calori- 
meter, consisting  of  a 
wooden  box  B  (Fig.  135), 
containing* a  tin  can,  the 
space  between  it  and  the 
can  being  filled  with  lightly 
packed  saw -dust.  With- 
in the  can  a  smaller  one 
C  of  thin  copper  fits 
with  a  lipped  edge,  which 
enables  the  can  C  to  rest 
on  and  to  be  supported 
by  a  thick  felt  washer 
C'  fastened  to  the  top 
of  the  box.  C  is  pro- 
vided with  a  lid  which 
supports  the  stirrer  S,  con- 
sisting of  a  ring  of  thin 
copper  provided  -with  two 
handles,  by  means  of  which 
the  stirrer  may  be  moved 
up  or  down.  A  thick  wire 
R  of  German  silver  is 
wound  in  a  loose  spiral,  and  has  its  ends  soldered  to 
large  binding  screws.  A  delicate  thermometer  T  passes 
through  a  hole  in  the  centre  of  the  lid.  The  thermometer  ' 


Fig.  135. — APPARATUS  FOR  OBSERVING 
HEATING  EFFECT. 


v.]          TANGENT  GALVANOMETER.          265 


should  be  capable  of  being  read  to  at  least  y^j-  of  a  degree 
centigrade.  Four  cells  of  Grove's  battery,  a  stop-watch, 
and  a  key. 

Method.  —  Arrange  the  calorimeter  in  circuit  with  the 
battery,  the  galvanometer  whose  constant  is  required, 
and  the  key.  The  calorimeter  can  C  must  be  weighed, 
and  a  weighed  quantity  of  water  placed  within  it  suffi- 
cient to  cover  the  German  silver  wire  when  the  lid  is 
in  position.  It  is  desirable  that  the  water  should  be  as 
much  below  the  temperature  of  the  room  as  at  the  end  of 
the  experiment  it  will  be  above  that  temperature.  This 
should  be  done  in  order  that  the  correction  due  to  cooling 
may  be  small,  for  the  calorimeter  will,  on  the  whole,  under 
these  circumstances,  have  received  during  the  experiment 
as  much  external  heat  as  it  subsequently  loses.  The 
initial  temperature  Ol  must  be  accurately  observed,  and  at 
a  given  moment  the  circuit  closed,  the  agitator  being  set 
in  motion  during  the  whole  time  in  which  the  calorimeter 
is  receiving  heat.  The  galvanometer  should  likewise  be 
read  from  time  to  time.  When  the  temperature  of  the 
water  has  sufficiently  risen,  the  circuit  should  be  broken 
and  the  final  temperature  #2  observed. 

Let  W  be  the  weight  of  the  water,  w  that  of  the  stirrer 
and  can,  s  the  specific  heat  of  the  stirrer  and  can,  then  the 
whole  amount  of  heat  received  is 


Inserting  this  value  in  equation  (7),  the  current  C 
should  be  calculated,  and  from  it  the  constant  of  the 
galvanometer  determined. 

Example.  —  The  method  was  used  to  find  the  constant 
of  an  instrument  adapted  for  measuring  strong  currents. 

The  weight  of  calorimeter  =  533*5  grms. 
stirrer          =191'2     ,, 


or  w  =  724  7 
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The  specific  heat  of  the  can  and  stirrer  was  taken  as  '1  =  s. 
Weight  of  water  =  3060  '5  grms.  =  W. 
Initial  temperature,  0l  —  14°  C. 
Final  ,,  02  =  14°  '31  C. 

Hence 


t  =  5  minutes  =  300  seconds. 

Loss  of  temperature  due  to  cooling  found  to  be  negligible. 
Resistance  of  spiral  =  '274  ohin=  "274  x  109  absolute  units  =  R. 
We  have 

n,      4'2xl07x971'2        n      „-.    .     ,   , 

=  -•274TlO»  x  300  '  °r  C=  ''°4  abS°lute  Umt 

Hence  the  current  passing  through  the  circuit,  compris- 
ing four  Grove's  cells,  the  calorimeter,  and  the  measuring 
instrument,  was  7*04  amperes.  The  mean  reading  of  the 
current  measurer  was  20°,  or  its  constant  is 

7-04 


20 


-—  '352  ampere  per  degree. 


Assuming  the  deflection  to  be  simply  proportional  to  the 
current  as  certified  by  the  maker. 

104.  Comparison  of  Constants  of  Coils.  —  The  constant  of 
a  standard  coil  having  once  been  accurately  determined 
may  be  used  for  obtaining  the  constant  of  any  other  coil 
when  this  does  not  differ  greatly  from  that  of  the  stand- 
ard. The  method  of  operation  consists  in  placing  the 
two  coils  in  series  with  a  battery.  The  same  current  thus 
being  passed  through  the  two  coils,  the  constants  will  be 
in  the  ratio  of  the  tangents  of  the  angles  of  deflection. 
For  in  the  one  galvanometer  we  have 
C  =  K  tan  flj, 

while  in  the  other,  the  constant  of   which  is  k  and  de- 
flection 00. 


Hence      .  7._irtapgi 

K  -  J\.   "  T~. 

tan  ^ 


In  this  determination  the  instruments  must  be  placed 
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sufficiently  far  apart  to  prevent  them  from  influencing 
each  other.  If  we  desire  to  obtain  the  true  constants  (i.e. 
the  constants  not  involving  the  horizontal  magnetic  force) 
from  the  working  constants,  it  will  be  desirable  to  obtain 
H  or  the  horizontal  force  separately  for  the  situation  of 
each  instrument.  Of  course  this  does  not  imply  that  the 
earth's  horizontal  force  is  appreciably  different  at  these 
two  situations,  but  that  the  disposition  of  local  iron  may 


render  the  value  of  the  horizontal  magnetic  force  at  the 
one  situation  sensibly  different  from  that  at  the  other. 

Where  the  standard  coil  is  much  larger  than  the  instru- 
ment under  comparison  it  will  only  be  necessary  to  know 
the  value  of  H  in  one  place,  for  in  this  case  the  smaller 
coil  may  be  placed  inside  and  concentric  with  the  larger 
one,  and,  by  a  divided  current,  the  one  balanced  against 
the  other.  The  method  then  becomes  a  zero  one.  Fig. 
13C  shows  the  necessary  arrangement.  Here  the  current 
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from  the  battery  B  is  split  between  the  two  coils,  and  so 
supposed  to  pass  round  them  in  opposite  directions,  and 
the  resistances  K  and  r  are  adjusted  until  there  is  no  deflec- 
tion of  the  centrally  suspended  magnet.  If  C  denote  the 
current  in  the  large  and  c  that  in  the  small  coil,  then 


G  and  g  being  the  respective  resistances  of  the  two  gal- 
vanometers, but 

c=*tan*, 
an(l  C  ==  K  tan  0, 

6  being  the  deflection  which  would  be  produced  if  either 
coil  acted  alone,  but  whose  value  we  do  not  require  to 
know.  Hence 


From  this  expression  the  true  constant,  that  is  to  say, 
the  constant  independent  of  locality,  or  F,  may  be  ob- 
tained by  dividing  by  the  local  value  of  H. 

LESSON  XL  VIII.  —  Galvanometer  Constant  from 
Known  Current. 

105.  Exercise.  —  To  find  the  value  of  K  for  the  several 
coils  of  a  tangent  galvanometer. 

Apparatus.  —  Bunsen's  or  Grove's  cells  ;  a  cell  of  known 
E.  M.  F.  for  use  as  a  standard,  as  a  Latimer  Clark  cell. 
The  apparatus  of  Lesson  XIX.,  for  comparing  the  E.  M.  F. 
of  the  cells  by  the  method  of  high  resistance  should  be 
accessible  to  the  student.  The  other  apparatus  required 
will  be  that  of  the  immediately  preceding  lessons. 

Method.  —  (1.)  Determine,  by  the  method  of  high  resist- 
ance, the  relative  E.  M.  F.  of  the  Clark  and  Bunsen  (or 
Grove),  and  calculate  the  E.  M.  F.  of  the  latter  in  volts  on 
the  assumption  that  the  Clark  -  1'45  volt.  (2.)  Find  the 
resistance  of  the  Bunsen  or  Grove  by  the  half-deflection 
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method  or  ordinary  method  (Lesson  XXXIX.)  (3.)  Place 
the  Bunsen  in  circuit  with  the  coil  of  the  galvanometer 
whose  constant  is  required  and  a  box  of  resistance  coils. 
Vary  the  latter  until  the  deflection  is  at  or  near  45°.  These 
three  processes  will  give  all  the  needed  data. 

Example. — 

Determination  of  E.  M.  F.  of  the  Bunsen. — 

12,000  ohms  and  ff^5  shunt  of  high  resistance  reflecting  galvan- 
ometer in  circuit  with  Clark  =  68  divisions. 

12,000  ohms  and  -^^  shunt  of  high  resistance  reflecting  galvan- 
ometer in  circuit  with  Bunsen  =  90  divisions. 

1  .4 K  v  Qft 

Hence  Bunsen  =  -       —  - 1  '92  volt. 
DO 

Determination  of  Internal  Resistance  of  the  Bunsen — Copper  strap 

Resistance.  Deflection.  Tangent. 

0  48-3  1-122 

•4  29-9  -575 


Constant  K  of  Copper  Strap.  — 

E  1'92 

=  < 


Constant  ^  of  Coil  L—G=  '17.     With  11  '3  ohms  gave  45°  deflec- 
tion. 

1  -Q9 


106.  Additional  Exercises  on  the  Use  of  the  Tangent  Galvan- 
ometer. —  A  tangent  galvanometer,  whose  constants  are  known, 
is  of  great  value  in  the  laboratory  for  ascertaining  the 
current  required  for  telegraphic  instruments,  for  ascertain- 
ing rapidly  the  condition  of  a  battery,  and  for  the  gradua- 
tion of  simple  galvanometers.  These  uses  will  furnish  the 
student  with  additional  exercises,  such  as  we  give  below. 

(1.)  Ascertain  the  current  in  amperes  that  will  be  suf- 
ficient to  ring  an  electric  bell. 

(2.)  Find  the  figure  of  merit  of  a  Morse  telegraphic  in- 
strument, i.e.,  the  current  which  will  be  sufficient  to  give 
distinct  and  recognisable  signals. 
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Example. — The  instrument,  which  was  of  the  type  of 
Siemens  and  Halske,  was  adjusted  according  to  the  direc- 
tions in  Preece's  Telegraphy,  p.  69.  It  was  put  in  circuit 
with  a  Morse  key,  box  of  coils,  and  twelve  Daniell's  cells,  and 
tangent  galvanometer  provided  with  commutator.  With 
1700  ohms  out  of  the  box  the  instrument  would  just  work, 
the  spring  being  adjusted  until  it  was  as  weak  as  possible, 
and  the  magnet  being  very  near  the  armature.  The  mean 
deflection  a  on  the  tangent  galvanometer  was  130>3,  the  con- 
stant of  galvanometer  =  '0871.  Hence  C  =  K  tan  a  = 
•0871  x  -236  =  -0206  ampere  nearly,  or  20 '6  milliamperes. 

(3.)  Ascertain  the  current  that  a  bichromate  cell  will  give 
from  time  to  time  when  working  in  short-circuit. 

Example. — A  bichromate  cell  was  placed  in  circuit  with 
the  copper  strap  of  a  tangent  galvanometer,  the  total  ex- 
ternal resistance  being  '15  ohm.  The  following  readings 
were  taken : — 


Time. 

Deflection 
•i 

K  tan  «  = 
Amperes. 

45 

36 

2-96 

50 

35-9 

2-95 

53 

35-1 

2-86 

54 

35 

2-85 

55 

347 

2-82 

K  =  4-074 

56 

34-4 

279 

57 

34 

275 

58 

33-5 

270 

59 

33 

2-65 

On  stirring  the  liquid  of  the  cell  the  deflection  rose  to 
5  2° -5  =  5 -31  amperes,  but  in  ten  minutes  later  the  deflec- 
tion was  25 '7  =  1'96  ampere.  The  bichromate  cell  is  thus 
seen  to  be  under  these  conditions  extremely  inconstant. 
By  keeping  the  liquid  continually  stirred,  or  by  blowing 
air  through  the  cell,  it  became  very  constant. 
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107.  Use  of  a  Tangent  Galvanometer  of  High  Resistance.— 
A  tangent  galvanometer  wound  with  fine  German  silver  wire 
is  sometimes  called  a  Potential  Galvanometer  or  Voltmeter,  on 
account  of  its  use  for  the  comparison  of  potentials  (ie.  electro- 
motive forces).  A  galvanometer  of  this  kind  should  have 
at  least  the  resistance  of  5000  ohms,  consisting  of  6-7000 
turns  of  fine  German  silver  wire  wound  on  a  hoop  about  60 
mm.  diameter.  The  principle  of  the  instrument  has  already 
been  employed  by  the  student  (see  Lesson  XX.),  where  the 
problem  has  been  to  measure  the  difference  of  potential 
at  two  points  in  a  circuit  through  which  a  current  is  flow- 


Fig.  137. 

ing.  Thus,  suppose  A,  B  (Fig.  137)  to  be  two  points  in  a 
circuit  through  which  a  current  is  flowing,  and  that  we  wish 
to  find  the  difference  of  potential  E  between  these  points. 
This  may  be  done  by  shunting  an  infinitesimal  amount  of 
the  current  through  a  galvanometer  G,  of  very  high  resist- 
ance compared  with  that  between  A  and  B.  Call 

Resistance  of  AB  =  r, 

Resistance  of  G  =  R, 

Current  flowing  in  circuit  =  C. 

By  Ohm's  law 

0=E (1) 

when  the  galvanometer  is  out  of  circuit,  but  on  placing  it  in 
circuit  the  combined  resistance  between  A  and  B  is 
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hence  the  difference  of  potential  between  A  and  B  will  be 
somewhat  lower.     Call  it  Ex.     Then 


or  on  combining  (3)  with  (1) 


(3) 


But  Ej  must  be  nearly  equal  to  E  when,  as  we  have 
supposed,  r  is  small  compared  with  K.  Hence  for  many 
purposes  we  write 

E1  =  E        ,  (5) 

Whether  this  may  be  assumed  or  not,  if  only  we  can  measure 
Ej,  we  shall  be  able  to  deduce  E.  To  find  Ej  we  must 
be  able  to  measure  the  current  Cx  that  this  difference  of 
potential  causes  through  the  circuit  of  the  galvanometer, 
and  here 

E^CjR        .....    (6) 

but  if  the  galvanometer  be  a  tangent  one 

E1^(Ktana)R         .         .         .         .     (7) 

Hence  to  determine  Ex  it  will  be  necessary  to  know  both 
the  constant  K,  the  resistance  R,  and  the  deflection  a.  The 
next  lesson  will  give  examples  of  the  determination  of 
the  constants  and  use  of  a  high  resistance  tangent  galvan- 
ometer. 

Instead  of  an  ordinary  tangent  galvanometer  we  may 
employ  the  instrument  of  Sir  William  Thomson,  in  which 
the  compass  box  slides  along  a  graduated  platform,  after 
the  manner  of  Fig.  35.  This  instrument  has  been  so  well 
described  elsewhere1  that  no  further  description  will  be 
given. 

1  See  Absolute  Measurements  in  Electricity  and  Magnetism,  by  Pro- 
fessor Andrew  Gray.     Macmillan  and  Co. 
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LESSON  XLIX. — Use  of  Potential  Galvanometer. 

108.  Examples. — (I.)  A  standard  tangent  galvanometer 
whose  constant  was  known  to  be  '0023  was  placed  in  series 
with  a  potential  galvanometer  (Thomson's  pattern)  whose 
resistance  was  6460  ohms,  and  with  48  Daniell's  cells.  The 
deflection  on  the  standard  instrument  was  6  3° "5,  and 
that  on  the  potential  galvanometer,  when  the  compass  was 
placed  at  position  marked  £  on  the  platform,  was  22. 
Hence  the  current  was  '0023  tan  63°'5  =  '0046  ampere. 
Hence  the  E.  M.  F.  at  the  potential  galvanometer  ter- 
minals was  6460x-0046  =  29'7  volts. 

Now  the  Thomson  instrument  is  graduated,  so  that 

Number  of  volts  W  =  Strength  of  magnetic  field  (H)  x  deflection  (D). 

Platform  reading  (P) 

Taking  strength  of  magnetic  field  as  '1 7,  we  find 

Number  of  volts  =  '17x2'2  =  29 -9, 
* 

which  agrees  well  enough  with  the  ascertained  value. 

(II.)  A  Daniell's  cell  whose  E.  M.  F.  was  said  to  be  1-072 
volt  was  connected  with  a  Thomson's  potential  galvanometer, 
and  the  following  readings  taken,  when  H  was  '18  : — 

Division  in  Platform  (P).  Deflection  (D).  E.  M.  F.  calculated. 
6-52                         38-5  1-063 

4  23-6  1-062 

2  11-8  1-062 

(III.)  The  range  of  a  potential  galvanometer  may  be  in- 
creased by  using  a  strong  magnet  to  strengthen  the  mag- 
netic field  of  the  compass  needle.  The  following  example 
will  show  how  the  number  representing  the  increased 
strength  of  field  (M)  may  be  found. 

VOL,  II,  T 
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A  constant  battery  of  24  Darnell's  cells  gave  the  fol- 
lowing readings  : — 

TTOA 

Without  magnet  P  =  |,     D  -  30,     orV^-^p. 
With  magnet  P  -  6  '52,     D  =  25  '9,     or  V  -  (H  +  M)25'9 . 

O*0^ 

Hence 

H30      (H  +  M)25-9 


i     '  6-52 

or 

M  =  59-4H, 
taking  H  =  '172  C.  G.  S  unit,  M  =  10  '22. 

(IV.)  It  was  desired  to  find  the  E.  M.  F.  at  the  terminals 
of  an  arc  lamp. 

Whilst  the  lamp  was  burning  its  terminals  were  con- 
nected with  a  high  resistance  tangent  galvanometer  whose 
resistance  was  5000  ohms.  The  directing  magnet  was 
lowered  until  the  deflection  was  45°.  A  table  of  constants 
belonging  to  the  galvanometer  showed  that  in  this  position 
K.=  '01,  hence 

V  =  5000  x  -01  x  tan  45°=  50  volts. 

(Y.)  An  incandescent  lamp  had  a  difference  of  poten- 
tial equal  to  40  volts  at  its  terminals  as  measured  by  a 
high  resistance  galvanometer.  A  second  tangent  galvan- 
ometer of  low  resistance,  placed  in  the  main  circuit,  showed 
that  a  current  of  1'2  ampere  was  passing.  From  these  data 
the  resistance  of  the  lamp  hot  must  be 
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CHAPTER   VI. 
DETERMINATION  OF  THE  MAGNETIC  ELEMENTS. 

109.  THIS  chapter  will  be  devoted  to  a  description  of  the 
instruments  employed  in  the  English  magnetic  observatories, 
and  to  the  method  of  using  these  for  the  purpose  of 
determining  the  three  terrestrial  magnetic  elements, 
namely : — 

(1.)  Dip  or  Inclination,  this  being  the  angle  which  the 
magnetic  axis  of  a  magnet  freely  suspended  in  the 
plane  of  the  magnetic  meridian  makes  with  the 
horizon. 

(2.)  Horizontal  Intensity. 

(3.)  Declination,  or  the  angle  which  the  magnetic  axis 
of  a  freely  suspended  horizontal  magnet  makes 
with  the  geographical  meridian. 

LESSON  L. — Magnetic  Inclination  by  the 
Dip  Circle. 

110.  Apparatus. — The  dip  circle,  exhibited  in  Fig.  138, 
the  most  essential  part  of  which'  is  the  magnetic  needle  nn', 
about  3  inches  in  length,  with  pointed  extremities.  It  is 
represented  in  Fig.  139  suspended  on  its  supports.  The 
axles  of  the  needle  consist  of  two  very  fine  cylinders  of 
hardened  steel  at  right  angles  to  the  plane  of  the  needle, 
and  the  perfect  condition  of  these  axles  as  to  polish  and 
dry  ness  is  a  point  of  essential  importance.  The  axles  are 
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fitted  so  as  to  rest  on  two  horizontal  agate  rounded  edges 
aa',  the  one  axle  tying  on  the  one  edge,  and  the  other  axle 
on  the  other.  The  instrument  is  provided  with  two 


7) 


Fig.  138.— THE  DIP  CIRCLE. 


needles,  which  we  shall  distinguish  as  No.  1  and  No.  2. 
The  poles  are  lettered  with,  say,  a  and  fi,  the  lettered  side 
being  called  the  Jace.  When  the  needles  are  not  in  use 
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they  should  be  kept  in  a  box  containing  quicklime  to  pre- 
vent the  oxidation  of  the  axles.  The  needle  in  use  is  en- 
closed within  a  mahogany  box  ABCD,  having  a  plane  glass 
front,  through  which  the  ends  of  the  needle  are  seen,  and 
a  ground-glass  back,  that  gives  the  proper  kind  of  illumina- 
tion for  viewing  the  ends  of  the  needle  distinctly.  By 
turning  the  milled  head  a  (Fig.  138)  the  arm  v'  (Fig.  139) 
is  rotated,  causing  two  Y-shaped 
pieces  of  metal  (one  of  which  is  seen 
below  v,  Fig.  139)  to  lift  the  needle 
from  the  agate  planes.  A  pair  of 
bar  magnets  and  a  wooden  frame 
for  holding  the  needles  during  mag- 
netisation are  provided  with  the  dip 
circle.  For  recording  the  observa- 
tions blank  schedules,  as  used  at 
Kew,  should  be  adopted. 

If  the  vertical  plane  in  which 
the  needle  swings  be  the  magnetic 
meridian,  if  the  centre  of  gravity  of 
the  needle  coincides  exactly  with  its 
axis  of  motion,  and  the  axis  of  figure 
of  the  needle  with  its  magnetic  axis, 
and  if  there  be  no  friction  or  adhe- 
sion between  the  axles  and  the  agate 
edges,  the  needle  will  settle  in  such 
a  position  as  to  indicate  the  true 
magnetic  dip.  The  positions  of  the 
two  ends  of  the  needle  are  observed  Fig- m 

DIP  NEEDLE  AND  SUPPORT. 

by   means    of   two   microscopes  m, 

m't  which  are  attached  to,  and  move  round  with  a  cross- 
piece  carrying  the  verniers,  for  reading  off  the  position  on 
the  vertical  circle  V  (Fig.  138).  If  we  wish  to  determine 
the  position  of  the  upper  end  of  the  needle  we  move  the 
upper  microscope  round  until  the  cross-wire  seen  in  its  field 
of  view  lying  along  the  line  between  the  two  microscopes 
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symmetrically  cuts  the  upper  extremity  of  the  needle.  The 
screw  c  is  then  clamped,  and  a  perfectly  accurate  adjust- 
ment made  by  the  tangent  screw  it'.  The  upper  vernier  is 
then  read  by  the  help  of  the  reading  glass  g ' .  The  same 
process  is  repeated  for  the  lower  vernier,  and  the  mean  of 
the  two  readings  is  taken.  The  vertical  circle  is  so  gradu- 
ated that  this  mean  will  accurately  denote  the  magnetic 
dip,  provided  all  the  adjustments  are  accurate. 

For  the  purpose  of  bringing  the  plane  of  the  needle  into 
the  magnetic  meridian  the  body  of  the  instrument  rotates 
about  a  vertical  axis,  and  may  therefore  be  turned  in 
azimuth  into  any  position  which  may  then  be  read  by  the 
vernier  (not  seen  in  the  figure)  of  the  horizontal  circle  H. 

Sources  of  Error. — With  regard  to  the  needle  there  may 
be  (1.)  a  want  of  symmetry  in  mass,  that  is  to  say,  the 
centre  of  gravity  of  the  needle  may  not  coincide  with  its 
axis  of  motion;  (2.)  a  want  of  symmetry  in  magnetism, 
that  is  to  say,  the  magnetic  axis  may  not  be  coincident 
with  the  axis  of  figure ;  (3. )  there  may  be  friction  or  ad- 
hesion of  the  axles  as  they  rest  upon  their  agate  supports. 
In  the  next  place,  with  regard  to  the  instrument ;  (4.) 
the  axis  about  which  the  vertical  circle  moves  may  not  be 
vertical ;  (5.)  the  plane  in  which  the  observation  is  made 
may  not  be  the  magnetic  meridian  ;  (6.)  the  vertical  circle 
may  be  erroneously  set  so  that  the  line  between  90°  above 
and  90°  below  is  not  strictly  a  vertical  line  ;  (7.)  and  lastly 
the  axis  of  rotation  of  the  needle  may  not  pass  through  the 
centre  of  the  vertical  circle,  thus  causing  an  error  due  to 
this  eccentricity. 

Method  of  Observation — /.  Preliminary  Adjustment. — The 
instrument  having  been  placed  upon  a  stone  pedestal  of  a 
suitable  height,  we  proceed  to  (1.)  make  sure  that  the  axis 
about  which  the  upper  part  of  the  instrument  moves  is 
truly  vertical.  This  adjustment  is  made  by  means  of  the 
level  I  attached  to  the  instrument  on  the  same  principle 
as  the  corresponding  adjustment  in  the  cathetoineter  < 
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(Vol.  I.  p.  33).  When  the  axis  has  thus  been  made 
vertical,  it  may  be  taken  for  granted  that  the  divided 
circle  is  vertical  likewise.  (2.)  Next  the  plane  in  which 
the  observation  is  made  must  be  that  of  the  magnetic 
meridian.  To  ensure  this,  set,  in  the  first  place,  the  upper 
vernier  to  90°.  Then  take  one  of  the  two  dip  needles  (say 
No.  1)  and  clean  its  axles  by  inserting  them  gently  into 
pieces  of  soft  cork,  and  clean  also  the  agate  knife-edges  by 
rubbing  them  with  cork.  Having  done  this,  let  the  needle 
rest  on  its  knife-edges.  Next  turn  the  movable  part  of 
the  instrument  round  in  azimuth  until  the  face  of  the 
instrument  (that  is  to  say,  the  part  bearing  the  vertical 
circle)  is  towards  the  smith,  and  the  upper  extremity  of  the 
needle  is  exactly  bisected  by  the  thread  of  the  upper 
microscope.  In  order  to  do  away  with  adhesion  or  fric- 
tion, raise  now  the  needle  in  its  bearings  by  means  of 
the  head  C,  and  then  allow  it  gently  to  fall  on  the  agate 
planes  once  more.  If,  when  this  is  done,  the  thread  of  the 
microscope  still  nearly  bisects  the  end  of  the  needle,  a 
second  adjustment  should  be  made,  that  is  to  say,  the 
circle  must  be  turned  round  in  azimuth  until  the  upper 
end  of  the  needle  shall  be  precisely  bisected  by  the  thread 
of  the  upper  microscope,  when  the  instrument  is  prevented 
from  further  turning  by  making  use  of  the  appropriate 
clamp  screw.  The  vernier  of  the  horizontal  circle  is  then 
read.  Call  the  reading  A.  (3.)  Let  us  independently 
perform  a  similar  operation  as  regards  the  lower  extremity 
of  the  needle  and  its  microscope.  Call  the  reading  of 
the  horizontal  circle  A'.  The  above  observations  have 
been  made,  let  us  suppose,  with  the  face  of  the  needle 
turned  to  the  face  of  the  instrument.  (4.)  Let  us  now 
reverse  the  needle  so  that  the  back  of  the  needle  is 
turned  to  the  face  of  the  instrument,  and  make  similar 
readings  of  the  horizontal  circle.  Call  these  readings  B, 
B'.  (5.)  Next  turn  the  movable  circle  round  in  azimuth 
through  180°,  until  the  face  is  towards  the  north,  and  re- 
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peat  these  sets  of  observations.  Let  the  new  readings  be 
C,  C'  and  D,  D'. 

We  have  thus  eight  readings  of  the  horizontal  circle, 
the  mean  E  of  which  will  give  the  true  azimuth  for  verti- 
cality  of  the  dipping  needle,  and  a  position  of  the  movable 
circle  =  90  +  E,  will  denote  the  magnetic  meridian.  The 
horizontal,  like  the  vertical  circle,  is  not  graduated  above 
90°,  so  that  the  same  reading  of  it  which  corresponds  to 
verticality  of  the  needle  denotes  in  the  next  quadrant  of 
the  horizontal  circle  the  true  meridian. 

//.  Determination  of  the  Dip. — Having  determined  by 
these  means  the  plane  in  which  we  are  to  observe  the 
needle,  let  us  now  proceed  with  our  observation  of  dip. 

(1.)  Presuming  that  the  axles  of  the  needle  have  been 
properly  cleansed  by  the  method  alluded  to,  let  us  turn 
the  face  of  the  instrument  to  magnetic  east,  and  let  the 
face  of  the  needle  be  towards  the  face  of  the  instrument. 
Now  set  the  cross-piece  carrying  the  microscope  and  vernier 
so  that  the  thread  in  the  upper  microscope  shall  bisect  the 
upper  extremity  of  the  needle.  Then  raise  the  needle  by 
means  of  the  lifter,  and  gently  let  it  down  again.  If  it  comes 
very  near  its  previous  position  we  may  adopt  the  reading 
given  by  the  vernier  as  that  of  the  upper  extremity  of  the 
needle.1  (2.)  Next  perform  independently  a  precisely  similar 
operation  for  the  lower  end  of  the  needle,  and  read  its  posi- 
tion as  given  by  the  lower  vernier.  We  have  thus  read 
both  ends  of  the  needle.  (3.)  Now  turn  the  face  of  the 
instrument  to  the  magnetic  west,  and  repeat  in  this  position 
the  above  observations.  (4.)  Then  reverse  the  needle  and 
repeat  them,  and  then,  keeping  the  needle  reversed,  turn 
the  face  to  magnetic  east  and  repeat  the  first  set  of  obser- 
vations once  more,  with  the  difference  that  the  back  of  the 
needle  is  now  turned  to  the  face  of  the  instrument. 

Of  the  two  extremities  of  the  needle,  which  are  marked 

1  The  new  position,  by  setting  the  vernier  to  it,  will  give  us  a 
second  reading  (see  example). 
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a  and  /?,  let  us  suppose  that  a  dips.  We  have  thus  made 
in  all  eight  observations,  as  follows : — 

Upper         Lower 
Extremity.  Extremity. 
Face  of  instrument  east,     Face  of  needle  to  face 

of  instrument    .     .     Aa  A'a 

west  „  „  Ba  B'a 

,,  ,,  „       Back  of  needle  to  face     Ca  C'a 

east  „  „  Da          D'a 

(5.)  We  must  now  reverse  the  polarity  of  the  needle  by 
the  method  of  "double  touch,"  so  as  to  make  ft  dip. 
To  do  this  let  us  lay  the  needle,  AB,  Fig.  140,  in  the 
wooden  frame  FF'  made  to  receive  it,  and  hold  it  tight  by 
slipping  over  the  centre  the  holder  C,  and  by  means  of  the 
two  bar  magnets  provided  for  the  purpose  let  us  rub  the 
upper  side  of  the  needle  with  the  appropriate  poles  of  the 

C 


Fig.  140.  —  REVERSAL  OF  POLARITY. 

bar  magnets.  The  bar  magnets  should  be  held,  one  in 
each  hand,  nearly  in  a  vertical  position,  and  drawn  along 
the  grooves  in  the  wooden  frame  from  the  centre  of 
the  needle  towards  its  ends.  Kepeat  this  operation  ten 
times.  Next  turn  the  needle  back  to  front,  and  perform 
a  similar  series  of  operations  upon  its  other  side.  (6.) 
We  may  now  suppose  the  needle  to  be  saturated  with 
magnetism,  the  end  /?  dipping.  Having  cleaned  its  axles 
with  cork,  let  us  now  proceed  to  make  with  it  a  series  of 
eight  observations,  precisely  analogous  to  these  already 
described.  Call  these 


The  observation  is  now  complete,   and  the  mean  of  the 
sixteen  readings  will  give  us  the  true  dip.      (7.)  For  a 
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complete  observation  it  is  desirable  that  the  whole  of 
the  processes  should  now  be  repeated  with  needle  No.  2. 
If  the  circle  and  needles  are  good,  and  the  observation 
be  well  made,  the  values  for  the  dip  given  by  the  two 
needles  will  differ  only  very  slightly  from  one  another. 

Theory  of  Adjustments. — (I.)  First  of  all,  with  regard  to 
the  method  of  determining  the  magnetic  meridian,  it  must  be 
remembered  that  the  needle  is  only  free  to  move  in  a  plane 
perpendicular  to  its  axis.  Now,  should  this  plane  of  free 
motion  be  at  right  angles  to  the  magnetic  meridian,  the 
resolved  portion  of  the  horizontal  magnetic  force  acting 
in  this  plane  will  be  zero,  or,  in  other  words,  the  needle 
will  not  be  under  the  influence  of  the  horizontal  magnetic 
component  at  all.  It  will,  however,  continue  to  be  in- 
fluenced by  the  vertical  component,  and  will  therefore. 
if  correctly  constructed,  place  itself  in  a  truly  vertical 
position. 

(II.)  The  various  reversals  made  in  the  process  of  de- 
termining this  vertical  position  are  rendered  necessary  by 
the  possibly  faulty  construction  of  the  needle  and  the  im- 
perfect placing  of  the  vertical  circle,  and  their  object,  as 
well  as  that  of  the  other  reversals  necessary  to  a  complete 
observation,  will  now  be  described.  A  needle,  assuming 
that  its  axle  is  truly  cylindrical,  may  yet  be  imperfect  in 
three  ways  :— 

(a)  Its  centre  of  mass  may  not  coincide  with  its  centre 
of  motion  as  regards  the  length  of  the  needle. 

(/3)  Its  centre  of  mass  may  not  coincide  with  its  centre 
of  motion  as  regards  the  breadth  of  the  needle. 

(y)  Its  magnetic  axis  may  not  coincide  with  its  axis  of 
figure. 

Again,  the  vertical  circle  may  not  be  properly  set  in 
such  a  manner  that  the  line  between  the  upper  and 
lower  reading  of  90°  is  truly  vertical.  Further,  the 
axis  of  motion  of  the  needle  may  not  pass  through  the 
centre  of  this  circle.  This  last  error,  or  that  caused  by 
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eccentricity,  is  overcome  (Vol.  I.  p.  50)  by  reading  both 
ends  of  the  needle. 

When  the  needle  is  reversed  in  its  bearings  the  action 
of  the  needle  errors  (fi)  and  (7)  will  be  likewise  reversed. 
The  student  may  assure  himself  of  this  statement  by  mak- 
ing needles  of  tissue  paper  and  denoting  the  magnetic  axis 
by  an  ink  line  and  the  centre  of  gravity  by  a  dot  of  ink. 
It  will  at  once  be  seen  that  if  the  action  of  either  error  is 
(say)  to  increase  the  dip  when  the  face  of  the  needle  is 
towards  the  observer,  it  will  act  so  as  to  diminish  the  dip 
when  the  needle  is  reversed. 

When  the  face  of  the  circle  is  turned  round  through 
180°  the  extremities  of  the  needle  are  brought  into  different 
quadrants  of  the  vertical  circle.  If,  therefore,  the  points 
(90°)  have  been  erroneously  set,  so  as  to  make  the  needle 
read  too  low  in  the  previous  position,  it  will  now  read  too 
high,  and  thus  by  taking  a  mean  of  the  two  the  error 
caused  by  an  erroneous  setting  of  the  circle  is  avoided. 
Another  advantage  of  this  reversal  of  the  vertical  circle  is 
that  new  points  of  the  steel  axle  are  brought  in  contact  with 
the  agate  plane. 

The  only  error  left  uncompensated  is  (a),  for  it  will  be 
noticed  that  during  all  these  changes  its  position  with 
respect  to  the  axis  of  motion  remains  unreversed. 

This  error  is  got  rid  of  by  reversing  the  poles  of  the 
needle.  For  if,  when  the  first  series  was  made,  the  centre  of 
mass  should  have  happened  to  be  below  the  axis  of  motion, 
thus  causing  a  moment  tending  to  increase  the  dip,  after 
the  reversal,  the  same  centre  of  mass  will  be  above  the 
axis  and  thus  cause  a  moment  tending  to  diminish  the 
dip.  The  student  may  render  this  point  obvious  to  himself 
by  means  of  tissue-paper  needles. 

Having  thus  described  the  reason  for  the  various  steps 
of  the  process,  it  only  remains  to  state  that  in  the  determina- 
tion of  the  position  of  vertically  it  is  obviously  unnecessary 
to  reverse  the  poles  of  the  needle,  inasmuch  as  any  dis- 
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placement  of  the  centre  of  mass  of  the  needle  with  regard 
to  its  length  could  have  no  effect  in  altering  its  verticality. 
It  is  only  when  the  needle  assumes  a  non-vertical  position 
that  this  can  be  influenced  by  the  error  in  question.1 

Example.21 — 

Kew  Observatory,  24th  November  1885.— Circle  No.  33  ;  setting 
of  azimuth  circle  (determined  by  the  method  described  above)  corre- 
sponding to  magnetic  meridian  65°  44';  time  2  h.  18  m.  to  2  h.  46  m. 

P.M. 


Pole  a  Dipping. 

Pole  ft  Dipping. 

67  21 
23 

A'^         mean 
67  26 

32     67°  25'  -50 

67  25 

28 

A', 

67  29 

28 

mean 
67°  27'  '50 

68  10 
10 

67  56 
54     68°    2'  -50 

67  34 
33 

67  25 
30 

67°  30'  -50 

67  51 
50 

67  46 
47     67°  48'-50 

67  54 
51 

67  38 
38 

67°  45'  -25 

D 

D' 

D/3 

D' 

67  32     67  34 
33          34     67°  33''25 

Mean  of  means  .  67°  42'  '44 

67  17      67  28 
21            28 

Mean  of  means 

67°  23'-50 

.  67°  31'-69 

Mean  of  all  the  observations,  67° 

37''06. 

111.   The  horizontal  magnetic  intensity  and  the  declina- 
tion may  be  accurately  determined  by  the  portable  unifilar 

1  For  the  mathematical  theory  of  the  dip  needle,  see  a  Treatise  on 
Magnetism  by  Sir  George  Airy,  pp.  83-90. 

a  For  the  examples  of  observations  of  the  three  magnetic  elements 
we  are  indebted  to  Mr.  George  Whipple,  director  of  the  Kew  Observa- 
tory ;  and  to  Mr.  T.  W.  Baker,  inagnetical  observer  there. 
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magnetometer  (Kew  pattern),  which  is  suitable  not  only 
for  fixed  observatories,  but  also  for  magnetic  surveys. 

The  student  having  been  made  familiar  in  Chap.  II. 
with  the  general  principles  of  the  determination  of  the 
horizontal  intensity  with  simple  apparatus,  we  shall  de- 
scribe at  once  the  details  relating  to  the  Kew  instrument. 
It  should,  however,  first  be  remarked  that  many  instru- 
ments have  been  graduated  for  the  Foot-Grain-Second 
system.  To  convert  the  value  of  H  so  obtained  to  the 
C.  G.  S.  system,  it  is  necessary  to  multiply  by  "04611. 


LESSON  LL — Determination  of  Time  of  Vibration. 

112.  Apparatus. — The  Kew  portable  magnetometer,  a 
chronometer,  and  a  blank  schedule,  as  used  at  Kew.  A 
general  view  of  the  instrument  fitted  for  the  lesson  is  seen 
in  Fig.  141. 

The  vibration  magnet  Mx  (Fig.  141)  is  suspended  by 
means  of  a  thread  (freed  from  torsion  as  much  as  possible) 
from  the  torsion  head  A,  and  so  placed  in  the  centre  of  a 
wooden  box  provided  for  the  purpose,  light  being  thrown 
upon  its  scale  by  means  of  the  transit  mirror  C,  and  the 
divisions  of  this  scale  being  read  by  the  telescope  Tx  of  the 
instrument.  The  portion  of  the  instrument  supporting  the 
telescope  and  wooden  box  is  capable  of  rotation  about  an 
axis  fixed  to  the  base  E,  which  is  provided  with  a  circular 
scale. 

At  B,  Fig.  142,  is  seen  an  enlarged  view  of  the  vibra- 
tion magnet  It  consists  of  a  hollow  steel  cylinder,  having 
a  glass  scale  at  one  end  and  a  lens  at  the  other,  the  scale 
being  at  the  chief  focus  of  the  lens.  It  is  held  within  a 
short  brass  tube,  within  which  it  just  fits.  A  second  brass 
tube  b  is  fixed  above  B  for  holding  the  brass  inertia  bar  A, 
used  for  determining  the  moment  of  inertia  (see  Vol.  I., 
Lesson  LIV.) 
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Arrangement  of  Apparatus. — (1.)  The  instrument  should 
be  placed  upon  the  top  of  a  small  stone  pedestal  that  is 


Fig.  141.— MAGNETOMETER  FITTED  FOR  VIBRATION  OBSERVATION. 

about   3   feet  high,   so   that  when  the  observer  is  in  a 
sitting  position  the  telescope  may  be  about  the  level  of  his 
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eye.  (2.)  Fix  the  wooden  box  in  position.  (3.)'  Focus 
the  eye-piece  of  the  telescope  so  that  the  cross-wire  is  seen 
distinctly,  then  adjust  the  instrument  for  viewing  distant 
objects.  Place  the  telescope  in  its  Y  supports,  and  turn 
the  body  of  the  magnetometer  until  the  axis  of  collima- 
tion  of  the  telescope  lies  approximately  in  the  magnetic 
meridian,  the  telescope  pointing 


to  the  north.  (4.)  Level  by 
means  of  the  cross  level  on  the 
stand,  and  that  on  the  tele- 
scope. (5.)  Turn  the  mirror  C 
until  the  field  of  the  telescope 
is  well  illuminated.  (6.)  Screw 
the  glass  tube  with  its  torsion 
head  into  its  place,  the  silk 
fibres  being  meanwhile  made 
stationary  inside  the  tube  by  a 
cork  thrust  in  its  open  end.  (7.) 
Suspend  a  plummet  having  a 
cross  bar  to  the  ends  of  the 
fibres,  allow  it  to  hang  for  some 
time,  and  turn  the  torsion  head 
until  the  cross  bar  lies  in  the 
magnetic  meridian.  (8.)  Care- 
fully replace  the  plummet  by 
j  the  vibration  magnet,  remembering  that  the  end  of  the 
magnet  marked  N  must  be  placed  northwards.  (9.)  Ad- 
just the  magnet  to  the  right  height,  so  that  its  axis  lies 
in  that  of  the  telescope.  Bring  the  magnet  to  rest,  when 
its  scale  should  be  distinctly  seen  in  the  telescope.  The 
scale  of  the  magnet  is  exhibited  in  Fig.  143. 

Special  Adjustments  and  Corrections — Setting  Axis  Hori- 
zontal.— It  will  be  noticed  that  we  have  here  two  scales 
— a  comparatively  long  scale   and   a   short  one.     In  the 
meantime  let  us  consider  the  latter.     The  object  of  this 
is  to  enable  us  to  make   the  magnetic  axis  horizontal. 
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It  is  clear  that  if  this  axis  be  not  horizontal  the  vibration 
will  not  take  place  under  the  full  value  of  the  horizontal 
component  of  the  earth's  magnetic  force,  and  we  shall 
obtain  an  erroneous  result.  Further,  it  is  clear  that  in 


H= 


Fig.  143.—  SCALE  OF  MAGNET  B. 


order  to  render  this  axis  horizontal  the  needle  must  be 
differently  balanced  in  its  stirrup  in  places  for  which  the 
horizontal  magnetic  component  is  widely  different.  On 
this  account  it  is  extremely  desirable  that  the  observer 
should  not  trust  to  a  ready-made  adjustment,  but  should 
learn  how  to  make  it  himself.  For  this 
purpose,  having  placed  the  divisions  of  the 
short  scale  vertical,  he  should  notice  the  read- 
ing of  this  scale  which  corresponds  to  the 
vertical  wire  of  the  telescope.  He  should 
then  turn  the  magnet  round  in  its  stirrup 
through  180°,  and  take  the  above  reading 
once  more.  The  mean  of  these  readings  will 
l)e  that  of  the  axis.  Now  let  him  turn  the 
magnet  round  until  the  short  scale  divisions  i 
APPARATUS  FOR  are  horizontal,  and  if  that  point  of  it  determined 
MOI^ST\RRUP.ET  as  above  be  now  coincident  with  the  Iwrizonial 
wire,  the  axis  may  be  regarded  as  horizontal. 
If  not,  there  is  an  arrangement  (Fig.  144)  by  which  the 
tube,  within  which  the  magnet  fits,  may  be  grasped  by  a, 
b,  and  c  when  the  ring  r  is  pushed  down,  and  the  magnet's 
position  in  the  stirrup  altered  by  a  slow  downward  move- 
ment of  s',  produced  by  turning  s.  This  should  be  done  ] 


Fig.  144. 
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until  the  short  scale  has  the  point  which  represents  the 
axis  coincident  with  the  horizontal  wire. 

Moment  of  Inertia. — When  this  adjustment  has  been 
made  it  is  desirable  that  the  observer  should  determine 
for  himself  the  moment  of  inertia  of  the  magnet  as  it 
rests  in  its  stirrup.  This  is  done  precisely  after  the  manner 
described  in  Lesson  LIV.  of  our  first  volume,  so  that  the 
method  need  not  here  be  repeated.  It  must  not  be  for- 
gotten that  the  moment  of  inertia  so  determined  has  a 
slight  temperature  variation. 

Temperature  and  Induction  Coefficients. — These  are  gener- 
ally determined  at  some  central  magnetic  station,  such  as 
the  Kew  Observatory ;  and  the  methods  by  which  these 
determinations  are  made  will  be  given  in  Appendix  E. 
In  the  text  we  shall  confine  ourselves  to  a  description 
of  the  part  which  they  play.  We  have  already  (Chap. 
II.)  mentioned  that  an  increase  of  temperature  diminishes 
to  some  extent  the  magnetism  of  a  magnet,  and  that 
it  recovers  the  loss,  if  not  wholly  yet  to  a  very  great 
extent,  when  it  is  brought  back  to  its  previous  temperature. 
Now  let  tQ  denote  a  standard  temperature,  and  let  t  be  the 
temperature  of  observation ;  then  we  may  assume  the 
following  expression  for  the  magnetic  moment  m'  at  t — 

m'  =  m{I-q(t-t»)-q'(t-t0)*}    ..     '.         .     (1) 

where  q  and  q'  are  coefficients  which  must  be  deter- 
mined. 

In  the  next  place,  with  respect  to  induction,  let  V 
denote  the  vertical  component  of  the  magnetic  force  at 
the  place  of  observation.  If  now  we  set  the  magnet  on 
the  table  with  the  marked  pole  downwards,  we  shall  have, 
besides  the  permanent  magnetism,  an  induced  effect  pro- 
duced in  our  magnet  by  the  earth's  vertical  component. 
Let  p  be  the  increase  in  the  magnetic  moment  of  the 
magnet  that  would  be  produced  by  an  inducing  influence 
equal  to  unity,  then,  under  the  above  circumstances,  an 
VOL.  II.  U 
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effect  =V/x  would  be  produced,  and  it  would  act  in  the 
same  direction  as  the  permanent  magnetism,  so  that  the 
whole  magnetic  moment  would  be  ra'  +  V/*.  If  now  we 
place  the  magnet  with  the  marked  pole  upwards  its 
moment  will  be  m'  -  V/z,  so  that  it  is  distinctly  weaker  in 
the  latter  position  than  in  the  former.  Here  /A  denotes 
the  induction  coefficient  ;  and  in  the  case  of  the  vibrat- 
ing magnet  oscillating  under  the  action  of  a  force  wH, 
it  will  tend  to  augment  this  force,  which  will  become 


Torsion.  —  We  have  thus  defined  these  two  coefficients 
which  relate  strictly  to  the  magnetism  of  the  bar.  Now, 
could  we  suspend  our  magnet  by  a  thread  without  torsion, 
the  way  would  be  clear  for  making  a  vibration  observation. 
But  this  we  cannot  do  ;  for,  even  if  we  suppose  that  the 
magnet  rests  at  the  zero  of  torsion,  any  alteration  in  its 
position  will  be  resisted  by  the  force  of  torsion  of  the 
thread,  which  must  virtually  be  reckoned  as  a  force  to  be 
added  to  that  of  the  earth's  magnetic  action.  It  is  clear 
then  that  we  shall  have  to  find  the  value  of  this  force  of 
torsion.  To  do  this  we  must  first  ascertain  the  value  of 
the  long  scale  of  our  vibration  magnet. 

Let  the  horizontal  circle  be  turned  until  the  extreme 
left  of  this  scale  coincides  with  the  vertical  wire  of  the 
telescope,  and  in  this  position  take  the  reading  of  the 
vernier  of  the  horizontal  circle.  Turn  the  circle  now  until 
the  extreme  right  of  the  scale  coincides  with  the  tele- 
scope wire,  and  take  once  more  the  reading  of  the  vernier. 
On  the  assumption  that  the  true  position  of  the  needle 
is  virtually  the  same  in  both  these  observations,  and 
knowing  the  number  of  divisions  embraced  in  the  hori- 
zontal scale,  we  can  at  once  determine  the  value  of  a 
division.  Thus,  if  D  denote  the  difference  between  the 
two  readings  of  the  horizontal  circle,  and  n  the  number 
of  divisions  of  the  scale,  then  ^  will  be  the  angular  value 
of  one  division. 
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Example. — 
1st  Position. — 

2d  Position.— 


Reading  on  Circular  Scale. 
Vernier  A  180°  0'  0" 
Vernier  B  0'  40" 


Mean     180°    0'  20" 

Vernier  A     182°  19'    0" 
Vernier  B  19'  20" 


Reading  on  Magnet  Scale. 
0 


60 


2°  18'  50" 
60 


=  2'  18' 


Mean     182°  19'  10" 
180°    0'  20" 

Difference      2°  18'  50" 

Hence    one    division    on   magnet    scale   = 
=  2' -32  nearly. 

We  are  now  prepared  to  measure  the  torsion  by  means  of 
the  torsion-circle,  to  which  the  suspension-thread  is  attached. 
The  mode  of  observation  will  be  seen  from  the  following 
example : — The  magnet  having  been  brought  to  rest,  the 
position  of  the  telescope  was  exactly  adjusted  by  means  of 
the  tangent  screw  until  the  cross -wire  of  the  telescope 
stood  at  the  middle  division  of  the  magnet  scale.  The 
torsion  head  was  then  turned  through  +  180°  (clock-wise), 
and  the  scale  reading  was  now  6  '5.  The  torsion  head 
was  now  turned  back  to  its  original  position,  and  the 
reading  -  0  '6  taken ;  it  was  further  turned  in  the  same 
direction  (counter  clock- wise)  to  -  180°,  which  gave  a 
scale  reading  of  -  7 '4.  Finally,  on  coming  back  to  0°, 
the  scale  reading  was  -  0'2.  Tabulating  these  results 
we  have : — 
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OBSERVATION  OF  TORSION.     (1  Scale  Division  =2' -32.) 


Torsion  Circle.     Scale. 

Mean. 

Difference. 

0°  =      0-0  (a) 

+  180°=  +6-5(6) 
0°  =  -0-6  (c) 

-180°=  -7'4(d) 
0°=  -0-2  (e) 

(Adding  h  and  i  ant 
Effect  of  90°  ( 

(of  a  and  c} 
-0'3=/ 

(of  c  and  e) 
-0-4  =  0 

dividing  sura  by  4) 
>f  torsion1  in  scale  di 

(between  b  and/) 
6'8=* 

(between  d  and  g) 

7*0  set 

13-8 

visions  =  3  '45. 

Hence  we  find  the  effect  of  90°  of  torsion  on  the 
position  of  the  magnet  to  be,  in  angular  measure, 

3-45x2' -32  =  8' -004. 

Now  let  Fd  denote  the  force  of  torsion  for  a  small 
angle  d,  and  let  Hm?  be  likewise  the  magnetic  force  called 
into  play,  then  if  d  denote  the  angular  deflection  produced 
by  90°  of  twist,  it  is  clear  that 

-~—  =  -0-— (2) 

Application  of  Corrections. — Finally  (Vol.  I.  p.  251),  the    ] 
following    expression   gives   us   the   relation   between   the    ] 
observed  time  of  vibration  of  the  magnet  and  the  force  in 
operation  in  accordance  with  the  various  corrections  now 
indicated : — 

T,»=,— : "f— 


1  This  determination  was  made  at  Manchester,  not  at  Kew. 
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if  we  denote  by  Q(tf  -  tQ)  the  whole   temperature  correc- 
tion. 

But  the  correct  value  of  T  corresponding  to  tQ  will  be 
expressed  as  follows : — 


mfi' 


hence 


(4) 


where  Tj  is  the  true  observed  time  of  vibration.  In  order 
to  facilitate  calculation  of  this  formula  the  following  table 
has  been  drawn  up  of  the  value  of  1  +  ^-  by  the  aid  of 
equation  (2)  : — 

TABLE  M. 

F 
VALUE  OF  1  +  r? —  FOR  DIFFERENT  VALUES  OF  d. 


Effect  of 
90°  of 
Torsion  =d. 

i+sV 

Effect  of 
90°  of 
Torsion  =d. 

»i- 

Effect  of 
90°  of 
Torsion  =  d. 

'+£• 

V 
2' 
3' 
4' 

K' 

1-00019 
•00037 
•00056 
•00074 
•00093 

6' 
7' 

Q/ 

q/ 
10' 

1-00111 
•00130 
•00148 
•00167 
•00185 

11' 
12' 
13' 
14' 
15' 

1  -00204 
•00223 
•00241 
•00260 
•00278 

The  values  of  the  correction  Q(£  -  /0),  where  Q  is  the  coeffi- 
cient which  must  be  determined  for  the  particular  magnet 
in  use,  t  is  the  temperature  of  observation,  and  tQ  the 
standard  temperature,  should  also  be  embodied  in  a  table. 
Error  of  Chronometer  and  Arc  of,  Vibration. — The  time  Tx 
is  liable  to  an  error  on  account  of  chronometer  rate,  and 
also  to  one  on  account  of  the  magnitude  of  the  arc  of  vibra- 
tion. Let  s  denote  the  daily  chronometer  rate  in  seconds, 
+  when  gaming,  -  when  losing,  then,  since  there  are 
86,400  seconds  in  a  day,  we  have 

True  time  of  vibration  =  observed  chronometer  time  (  1  -  0*A  )  (5) 

\       oo400/ 


294 


PRACTICAL  PHYSICS. 


[CH. 


In  order  to  facilitate  calculation  the  value  of  1  -          for 


different  rates  of  the  chronometer  is  exhibited  in  the  fol- 
lowing table  :  — 

TABLE  N. 
CHRONOMETER  FACTORS. 


Daily  Rate, 

Seconds  =  +&. 

Chronometer 
Gaining. 

Chronometer 
Losing. 

5 

•99994 

1-00006 

10 

•99988 

1  '00012 

15 

•99983 

1-00017 

20 

1  9977 

1-00023 

25 

•99971 

1-00029 

30 

•99965 

1-00035 

35 

•99959 

1-00041 

40 

•99954 

1-00046 

45 

•99948 

1-00052 

50 

•99942 

1-00058 

The  next  correction  is  on  account  of  circular  arc.  We 
deduce  from  Vol.  I.  Art.  151  that  the  observed  time 
is  increased  above  the  true  time  for  infinitely  small 


arc,  thus 


True  time  =  observed  time  (  1  -  — - )  nearly, 
V       lo/ 

where  A  is  the  mean  angle  denoting  the  semi-arc  of 
vibration  expressed  in  circular  measure.  Let  the  angular 
value  of  this  semi -arc  be  at  the  commencement  of  the 
vibration  a  and  at  the  end  a',  then 

/a  +a'\2 

VJLZ  _A2 

16        ~16' 

But  we  see  from  Vol.  I.  p.  88  that  in  such  a  case  as  this 
the  geometric  and  arithmetical  mean  are  as  nearly 
as  possible  identical,  so  that  for  the  square  of  the  one 
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we    may    substitute    the  square   of   the   other.     We  may 
therefore  say 

True  time  =  observed  time  Jl  -^  \  .         .         .     (6) 
(.        16  J 

This   correction  is   embodied  for  different  values   in   the 
following  table. 

TABLE  0. 
VALUE  OF  «- 


Semi-arc  at 

Semi-arc  at  End  of  Observation. 

Commence- 

ment in 
Minutes. 

W 

70* 

6V                 50'                 4(X 

3ff 

100 

•00004 

•00004 

•00003 

•00003 

•00002 

•00002 

90 

•00004 

•00003 

•00003 

•00002 

•00002 

•ooooi 

80 

•00003 

•00003 

00003 

•00002 

•00002 

•ooooi 

70 

•00003 

•00002 

•00002 

•00001 

•ooooi 

60 

•00002 

•00002 

•ooooi 

•ooooi 

50 

•ooooi 

•oooui 

•ooooi 

Embodying  both  corrections  therefore,  calling  Tl  the  true 
time  and  T0  the  apparent  time  of  observation,  we  have 


(7) 


In  general,  however,  these  corrections  may  be  neglected, 
and  the  observed  time  of  oscillation  reckoned  as  the  true 
time  corresponding  to  an  infinitely  small  arc. 

Observation  of  Time  of  Vibration. — The  method  of  observ- 
ing the  time  of  vibration  is  very  similar  to  that  described  in 
Vol.  I.  pp.  187-190.  The  observation  should  be  recorded 
in  the  schedule,  as  shown  in  the  next  example.  Having 
caused  the  magnet  to  oscillate  through  an  arc  of  about  60' 
on  each  side  of  the  middle  line  of  the  scale,  the  times  of 
every  5th  passage  are  recorded  until  we  arrive  at  the  55th, 
then  the  Oth  is  subtracted  from  the  50th,  and  the  difference 
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added  to  the  latter.  This  gives  us  the  time  at  which  the 
100th  transit  will  take  place.  In  a  similar  manner  the 
5th  is  subtracted  from  the  55th,  and  the  difference  added 
to  the  latter  gives  the  time  of  the  105th  transit.  The 
magnet  is  now  allowed  to  continue  swinging  until  the 
observer  notes  that  the  100th  transit  is  near,  he  then 
observes  the  actual  time,  and  proceeds,  then  observing  every 
5th  until  the  155th  is  reached.  Subtracting  in  succession 
the  times  of  the  Oth  from  100th,  10th  from  110th,  5th 
from  105th,  etc.,  we  obtain  a  series  of  numbers,  each  giving 
the  time  of  100  vibrations.  The  mean  of  the  number  of 
the  right-hand  transits  is  obtained,  this  is  called  "  Mean 
(1);"  also  the  mean  of  the  left-hand  transits,  "Mean  (2)." 
These  means  being  in  minutes,  we  convert  them  to  seconds 
and  divide  by  100  to  obtain  the  time  of  a  single  vibration 
in  seconds.  The  mean  of  the  two  is  T0. 

The  student  will  at  once  perceive  that  in  determining 
the  time  of  vibration  it  is  essential  to  make  use  of  oscilla- 
tions going  from  left  to  right,  as  well  as  of  oscillations 
going  from  right  to  left.  For,  owing  to  the  diurnal  varia- 
tion, and  possibly  other  causes,  the  position  of  rest  of  the 
vibrating  magnet  may  be  gradually  altered.  Let  us,  for 
instance,  imagine  that  this  has  gone  to  the  right  between 
the  beginning  and  the  end  of  our  observation.  Then  the 
moment  of  crossing  the  wire  for  oscillations  proceeding 
from  left  to  right  will  be  sooner  than  it  ought  to  be ; 
while,  on  the  other  hand,  the  moment  of  crossing  for 
oscillations  going  the  other  way  will  be  later  than  it  ought 
to  be.  There  may  thus  be  a  difference  in  the  value  of  T0 
as  derived  from  these  two  sets,  but  the  mean  of  the  whole 
will  represent  the  truth.  The  following  is  an  actual  observa- 
tion made  at  the  Kew  Observatory : — 

Example.- — 

12th  August  1884— Station,  Kew  Observatory.— Latitude,  51°  28' 
6"  N.  ;  longitude,  1  m.  15  sec.  W.  ;  chronometer,  A  86  ;  error  at 
station,  +5  m.  30  sec.  ;  daily  rate  (s.}=  -10  sec.  ;  magnet  (62 -A) 
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suspended,  Q  =  0'000304;  log  n  =  0'692643;  effect  of  90°  of  torsion 
=  27  div.  =  5''0;  one  division  of  scale  =  1' '85;  mean  time  at  com- 
mencement, 5  h.  50  m.  ;  mean  time  at  end,  6  h.  2  m.  Moment  of 
inertia  (I)  at  25°  C.  =286 '27. 

Semi-arc  of  (  70'  \  /Temp.  of\25°-2/  .Mean  temperature   \  25°'4C. 
vibration   \  50'  J   \  magnet  /  25° '6  \  Cor.  for  thermometer  J  -  0°'4  C. 


25°-OC. 


Scale  moving  apparently  to  Right. 

Scale  moving  apparently  to  Left. 

"o  c 

Time  of 
centre 
passing 
wire. 

<M  2 

(c) 

Time  of 
centre 
passing 
wire. 

(d) 

Time  of 
100 
Vibra- 
tions. 

i 

0.3 

Time  of 
centre 
passing 
wire. 

(9) 

"o.o 
(A) 

Time  of 
centre 
passing 
wire. 

Time  of 
100 
Vibra- 
tions. 

(0 

0 
10 
20 
30 
40 
50 
60 

h.  in.     s. 
5  49  45-1 
5030-0 
51  15-0 
52    0-0 
52  44-8 
53  297 
54  14-6 

100 
110 
120 
130 
140 
150 
160 

m.      s. 
57  14-2 
57  59-1 
58  44  -0 
59  28-9 
0  137 
0  587 
1  43-6 

(1) 

Ul.       S. 

7  29-1 
7  29-1 
7  29-0 
7  28-9 
7  28-9 
729-0 
7  29-0 

5 
15 
25 
35 
45 
55 
65 

h.  m.     s. 
550    7-6 
50  52-5 
51  37-4 
52  22-4 
53    7-2 
53  52-1 
5437-0 

105 
115 
125 
135 
145 
155 
165 

m.      s. 
57  36-6 
58  21  -5 
59    6-4 
59  51-3 
036-2 
1  21-0 
2    6-0 

(2) 

m.    s. 

7  29-0 
7  29-0 
7  29-0 
7  28-9 
7  29-0 
7  28-9 
7  29-0 

h.    m.    s. 
Diff.  for  40  vibs.      .     0    2  59  7 
100  at     .     .     5  57  14-3 

Diff.  for  40  vibs. 
105  at     . 

h.    m.    s. 
.     0     2  59-6 
.     5  57  36-6 

Mean  of  1  vibration  (1)  =  4  -4900  sec.   Mean  of  1  vibration 
T0  =  mean  of  (1)  and  (2)  =  4  "4898  sec. 

(2)  =  4  -4897  sec. 

Observer,  T.  W.  BAKER. 

Explanation  of  the  Example. — Here  the  observer  has  proceeded  some- 
what differently  from  the  order  of  the  observations  described  above. 
The  tabulation  of  the  transits  has  been  continued  until  the  65th  was 
reached.  Then  subtracting  the  Oth  from  the  40th  he  obtained  the 
difference  for  40  vibrations  =  2  m.  59  '7  sec.  This  is  added  to  the  60th 
vibration  to  obtain  the  time  of  the  100th  vibration,  which  number  is 
recorded  at  the  bottom  of  the  column.  In  a  similar  manner  the  time 
of  the  105th  is  obtained. 
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Calculations  of  the  Results.  — 
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7T2I 


1- 


86400 


=     1-00012  (a) 


_  5^'  =  _  o  -00002  (6)       T0  =  4-4898  log  =  0  '65223  (h) 

.      log  =  0-00004  (&) 


s          aa  _ 
'  86400  ~  16~  ~ 

1  +  j-  =     1  -00093  (d) 
rim 

-Q(t-t0)=-    '00760  (e) 
+  fJ.  +  ™«=+    -00115  m 


-£-°  =     6 -99448  (g) 


fj, log  =  0-69264  (w) 


Ti log  =  0-65227  (Z) 
2 

Ti2  log  =  1-30454  (m) 

.     log  =  9  -99760  (n) 

T2  log  =1-3021 4  (o) 
7r-Ilog=3-45107(^) 

7T2I 

=  7^  log  =  2'14893  (q) 


»+ifo=  '00115^  =  7-05980  (y)  ;  mH-f-^=H2log  =  8-51819  (s) 

H  =  0-18055  log  =  9-25660  (t) 

m2  log  =5 -78467  (u) 
m  =780-42  log  =  2-89233  (v) 

Explanation  of  the  Calculations. — (a]  By  making  s=  -  10,  or  taking 
the  value  directly  from  the  Table  N.  (b)  Here  a  =  70'  and  a'=  50', 
therefore 


70  x  TT         ,    ,       50  x  TT 

'  ar      = 


'    18060'  solTeo 

hence  /,N  70x7rx50x7r 


. 

m  circular  measure  ; 


x180x60x16 

This  value  agrees  with  that  given  in  Table  0.  (c)  Subtracting  b 
from  a.  (d)  From  (90xg0)_5,  or  from  Table  M.  (e)  From  25  x 
•000304=  '0076.  (/)  This  is  obtained  from  (w)  and  (x).  (x)  is  obtained 
by  taking  the  mean  of  logs  of  ~  from  the  deflection  table.  On  sub- 
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tracting  (x)  from  (w)  we  obtain  (?/),  of  which  the  anti-logarithm  is  the 
value  of  (/).  Note  that  10  has  been  added  to  (y)  to  avoid  negative 
characteristic,  (g]  isd-e+f;  (h)  is  log  T0 ;  (&)  is  log  (c) ;  (I)  is  h 
+  k ;  (m)  is  2Z ;  (n)  is  log  </  with  10  added  ;  (o)  is  m  +  n;  (p)  is  log 
T2!,  I  being  286 '27  at  25°  C. ;  (q)  is  (p)-(o).  (r)  See  deflection  ex- 
ample, when  g  is  the  closest  approximation  obtainable  by  the  deflec- 
tion experiment;  («)  is  (q)  -  (r)  +  (w)  •  t=^^;  (u)  is  (?)  +  (r);  (v) 


LESSON  LII. — Observation  of  Deflections. 

113.  Arrangement  and  Description  of  Apparatus. — Having 
now  determined  accurately  the  time  of  vibration  of  the  colli- 
mator  magnet,  we  have  next  to  make  use  of  it  to  deflect 
another  magnet,  but  it  will  be  necessary  first  to  alter  the 
arrangement  of  the  apparatus  as  follows: — (1.)  Remove 
Mj,  and  having  secured  the  fibres  within  the  tube  by  means 
of  a  cork,  remove  the  glass  tube  with  its  torsion  head  A. 
(2.)  Unscrew  the  wooden  box  and  remove  telescope  and 
transit  mirror.  (3.)  Fix  the  long  graduated  bar  SS'  (Fig. 
145)  in  its  place  by  means  of  the  pins  provided,  place 
upon  it  the  carriage  C  for  holding  the  vibration  magnet 
M!  and  the  thermometer  shown.  (4.)  -Replace  the  torsion 
head  A  and  fix  the  deflection  magnet  M2.  (5.)  Screw  in 
its  place  the  telescope  T.  (6.)  It  is  desirable  to  surround 
the  deflecting  magnet  with  a  wooden  box  containing  a  ther- 
mometer, by  which  the  temperature  of  this  magnet  as  well 
as  that  of  the  deflection  rod  may  be  accurately  ascertained. 
The  deflected  magnet,  seen  at  D,  Fig.  142,  is  a  hollow 
cylinder  of  hard  steel  about  0'8  cm.  in  diameter  and  7 '5 
cm.  in  length,  and  it  has  underneath  it,  when  suspended,  a 
vertical  mirror  m  at  right  angles  to  its  length.  It  is  sus- 
pended in  a  metallic  box,  the  metal  of  which  acts  inductively 
as  a  damper,  tending  to  bring  the  magnet  to  rest  when 
it  is  in  a  state  of  vibration. 

A  reference  to  Fig.  145  will  show  the  telescope  T  with  a 
scale  s  above  it.  The  telescope  is  attached  to  the  lower  part 
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of  a  hollow  cylinder,  the  upper  portion  of  which  is  either 
open    or   covered  with  glass.     The  light   from  the  scale 


passes  through  this    open  space,   and  likewise  through  a 
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glass  window  in  the  metallic  chamber  which  contains  the 
suspended  magnet,  and  is  reflected  back  from  the  mirror 
attached  to  the  magnet  and  through  the  telescope.  This 
latter  is  so  adjusted  that  an  image  of  the  scale  is  seen  by 
the  observer  in  the  field  of  view  of  the  telescope,  which 
contains  likewise  a  vertical  reference  wire. 

Whenever  the  image  of  the  central  division  of  the  scale 
is  reflected  upon  this  wire  so  as  to  coincide  with  it,  we 
may  assume  that  the  magnetic  axis  of  the  magnet  is  either 
parallel  to  the  visual  axis  of  the  telescope,  or  at  least  that 
the  positions  of  these  two  axes  bear  a  definite  relation  to 
each  other,  which  is  not  far  removed  from  that  implied  in 
parallelism. 

When  Mj  is  placed  on  the  carriage  C,  which  slides  upon 
the  bar,  by  raising  or  lowering  A,  M2  may  be  placed  at  the 
same  level  as  the  magnet  Mr  Whenever,  therefore,  the 
deflected  magnet  is  in  this  position,  and  at  the  same  time 
the  central  division  of  the  scale  is  seen  to  coincide  with  the 
cross-wire  of  the  telescope,  we  may  take  it  for  granted  (a) 
that  the  magnetic  axis  of  the  deflected  magnet  is  parallel 
to  the  visual  axis  of  the  telescope,  or  nearly  so ;  (/?)  that 
the  magnetic  axis  of  the  deflecting  magnet  is  perpendic- 
ular to  that  of  the  deflected  magnet,  or  nearly  so ;  and 
(y)  that  a  line  drawn  through  the  axis  of  the  deflecting 
magnet  will  pass  through  the  centre  of  the  axis  of  the 
deflected  magnet,  or  nearly  so.  By  means  of  a  small  ver- 
nier on  the  carriage  we  may  place  the  deflecting  magnet 
in  such  a  position  that  its  centre  precisely  corresponds 
with  a  division  of  the  scale  of  the  deflection  bar. 

In  every  observation  the  movable  part  of  the  instrument 
has  to  be  brought  into  such  a  position  that  the  central 
division  of  the  scale  coincides  with  the  wire  of  the  tele- 
scope.1 From  this  it  is  obvious  that  we  have  nothing  to 
do  with  the  torsion  of  the  fibres,  since  in  every  observa- 
tion their  upper  and  lower  positions  remain  unaltered  as 
1  Or,  in  other  words,  the  sine  method  is  used  (see  p.  35). 
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regards  the  box ;  in  fact  the  whole  arrangement  is  carried 
round  together  without  any  twist  of  its  separate  parts.  The 
position  of  this  movable  system  in  the  various  observa- 
tions is  ascertained  by  reading  the  verniers  of  the  horizontal 
circle,  assuming  that  the  central  division  of  the  scale  coin- 
cides with  the  telescopic  wire.  If,  however,  this  central 
division  does  not  exactly  so  coincide,  it  is  easy  to  ascertain 
the  angular  value  corresponding  to  one  division  of  the  re- 
flected scale  in  the  telescope  by  means  similar  to  that  which 
was  employed  to  determine  the  scale  of  the  collimator  magnet 
(p.  290).  When  this  value  has  been  ascertained  we  may 
correct  for  non-coincidence  between  the  middle  division  of 
the  scale  and  the  telescope  wire. 

Adjustments. — (1.)  Turn  the  magnetometer  in  azimuth 
until  the  axis  of  the  telescope  lies  in  the  axis  of  the  sus- 
pended magnet.  (2.)  Focus  the  eye-piece  of  the  telescope 
until  the  cross-wire  is  distinctly  seen.  (3.)  See  that  the 
scale  s  is  well  illuminated  either  by  means  of  a  candle  or, 
better  still,  by  concentrating  light  upon  it  by  means  of  a 
large  lens  from  a  distant  lamp.  (4.)  The  body  of  the  tele- 
scope should  now  be  focused  in  order  to  see  the  reflected 
image  of  the  scale  s,  the  magnet  M2  being  meanwhile  at  rest. 
If  the  observer  is  not  successful  in  seeing  the  image  it  is 
probably  owing  to  the  mirror  of  M2  being  tilted  either  too 
high  or  too  low.  To  remedy  this  two  screws  are  provided 
at  the  bottom  of  the  mirror  in  order  to  give  the  requisite 
inclination.  The  adjustment  is  somewhat  tedious,  but  once 
having  been  made  should  remain  undisturbed.  (5.)  Re- 
move Mj  and  replace  it  by  the  sighting  tube,  consisting  of  a 
cylinder  of  the  same  diameter  as  M15  with  an  axial  aper- 
ture through  which  the  suspended  magnet  M2  may  be 
observed,  when  the  latter  should  have  its  height  adjusted 
by  lowering  or  raising  the  rackwork  of  A  until  the  axis  of 
the  sighting  tube  and  of  M2  are  in  the  same  plane.  The 
magnet  Ml  may  now  be  replaced.  (6.)  If  the  reflected 
image  should  be  dull  it  will  probably  be  due  to  dirt  or 
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moisture  on  the  mirror  or  window.  For  cleaning  the  win- 
dow at  the  end  of  the  barrel  a  camel-hair  brush  with  a 
handle  sufficiently  long  to  reach  to  the  end  of  the  barrel  is 
used.  (7.)  The  windows  of  the  magnetometer  box  are 
closed  with  shutters  of  wood,  one  of  which  is  seen  in  a 
raised  position  (Fig.  145). 

Corrections — Length  of  Bar. — The  deflection  bar  is  com- 
pared at  the  central  observatory  with  a  standard  bar  in 
order  to  ascertain  the  graduation  error,  and,  being  of  brass, 
its  coefficient  of  expansion  is  known,  so  that  the  true  dis- 
tances between  the  graduations  of  the  bar  at  different  tem- 
peratures may  be  calculated  for  the  instrument.  If  r0  be 
the  apparent  distance  between  the  centres  of  the  deflecting 
and  suspended  magnets,  and  r  the  distance  corrected  for 
error  of  graduation  and  temperature,  we  shall  have 

r=r0{l  +  a(t  - t0)}  +  correction  for  scale  error, 

where  a  is  the  coefficient  of  expansion  of  brass,  tQ  is  the 
standard,  and  t  the  observed  temperature.  A  table  is 
compiled  by  the  aid  of  this  formula  for  a  range  of  tempera- 
ture from  about  -  5°  C.  to  +  35°  C. 

Constant  of  Distribution. — The  true  formula  for  deflec- 
tion is 


Now  it  will  be  unnecessary  in  the  above  expression  to 
make  use  of  any  constant  beyond  P,  so  that  the  following 
modified  formula  is  generally  adopted  : — 


where  P  is  a  constant  depending  on  the  distribution  of 
magnetism  in  the  two  magnets  employed.  Since  these 
magnets  always  remain  the  same,  this  constant  may  be 
determined  by  comparing  together  a  series  of  values  of  g 
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made  at  different  distances.  It  may  be  shown  that  the  dis- 
tances should,  to  obtain  the  best  results,  have  the  ratio  of  1 
to  1  '3.1  To  find  the  value  of  P  we  proceed  as  follows  :  — 

Let 

A^r3  sin  u, 

and 

A'  =  |rx3  sin  u\t 
then 


hence 

p 
~A     A' 


p  _  A  —  A 
~ 


Temperature  Coefficient  —  The  vibration  magnet  being 
employed  in  this  observation  to  deflect  a  suspended  magnet, 
the  amount  of  the  deflection  produced  will  of  course 
depend  upon  the  strength  of  the  deflecting  magnet,  and 
hence  upon  its  temperature.  If  the  temperature  of  ob- 
servation t  be  above  the  adopted  zero  tQ,  the  observed 
deflection  will  be  too  small.  This  may  be  rectified  as 
follows  :  Let  m0  denote  the  observed  moment  of  the  mag- 
net, and  let  m  be  its  true  moment  at  the  adopted  zero  of 
temperature  ;  then,  if 

* 


Induction  Coefficient. — The  axis  of  the  deflecting  magnet 
is  in  this  observation  at  right  angles  to  that  of  the  de- 
flected magnet.  Now  if  the  angle  of  deflection  were  zero, 
the  axis  of  the  deflecting  magnet  would  be  in  a  vertical 
plane  at  right  angles  to  that  which  passes  through  the 
magnetic  meridian,  and  hence  there  would  be  no  inductive 

1  See  Airy's  Magnetism,  Art.  30. 


vi.]  MAGNETIC  ELEMENTS.  305 

effect  upon  this  magnet.  If,  however,  u  be  the  angle  of 
deflection,  the  inductive  effect  upon  the  deflecting  magnet 
will  be 


(j.R  sin  u  =  fjiH  |  j^  |  nearly  =-^p  nearly, 

in  a  direction  tending  to  weaken  the  magnet.     Hence,  in- 
stead of  the  observed  moment  ra0,  we  must  substitute 


in  order  to  obtain  the  true  moment  corrected  for  induction. 

Order  of  Observations  for  a  single  Series. — (1.)  Place  M, 
upon  its  carriage  at  the  distance  of  30  cm.  to  the  east  of 
the  suspended  magnet,  and  with  its  north  end  towards 
the  east.  Turn  the  telescope  in  azimuth  until  the  cross- 
wire  is  exactly  or  nearly  exactly  at  the  middle  of  the 
reflected  scale,  clamp  the  circle,  bring  the  magnet  to  rest, 
and  read  the  scale,  verniers,  and  thermometers.  (2.)  Re- 
verse MI  with  its  carriage,  and  place  it  at  the  same 
distance  east  as  before,  but  with  the  north  end  now  to  west. 
Make  the  same  observations  and  adjustments  as  before. 
(3.)  Place  MJ  to  west  of  the  instrument,  at  30  cm.  distance 
from  suspended  magnet.  North  end  to  west.  Read,  etc. 
(4.)  Everything  as  before,  but  north  to  east. 

Method  of  Calculation. — This  will  be  seen  by  a  study  of 
the  following  observation,  made  at  Kew  Observatory  : — 

12th  August  1885.— Mean  time  commencing  4  h.  14  m.  P.M.,  end- 
ing 5  h.  30  m.  P.M.  Magnet  deflecting  (62  A) ;  suspended  (62  C) ;  one 
division  of  scale  =  60  '5  sec. 
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It  will  be  noticed  that  the  order  adopted  in  this  com- 
plete observation  is  such  that  if  we  name  the  above  epochs 
(1),  (2),  (3),  (4),  (5),  (6),  (7),  (8),  and  presume  that  each  occu- 
pies the  same  time  in  its  performance,  then  the  mean  epoch 

For  the  former  is 


of  UQ  is  the  same  as  that  of  u'Q. 


(-4->±^,  and  the  fetter  (^+<6)  -  «+<?>,  the  numerators  being 
thus  the  same. 
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Explanation  of  the  Calculations.  —  Arranged  in  parallel  columns  are 
the  details  of  the  corrections  for  the  distances  30  and  40  cm.  (d)  is 
log  ^r3,  and  (d'}  is  log  |r'3.  These  values  are  usually  directly 
taken  from  tables  giving  the  values  for  different  temperatures,  (a) 

log  /i  =-692643  (see  vibration  example),  hence  1  +  ^-1  '00037. 
Similarly  (a')  =  l+^  (5)  and  (&')=  '000304  x  24  '1  (see  vibration 
example;  (c)  =  (a)  +  (6),  and  (c')  =  («')  +  (&')  ;  (e)  is  tabular  log  of  sin 
18°  33'  1",  and  («')  is  the  same  of  7°  14'  21";  (/)  =  (d)  +  (e)-10,  and 
(/>(*')  +  00-10;  (flr)is  log  (c),  and  (/)  is  log  (c')  J  W  = 
and  (A')  =  (/')  +  (g'}  ;  (i)  and  (O  are  the  logs  of  1  -  ~  and  1  -  ~ 
is  found  by  the  formula  given  above.  10  is  added  to  logs  to  prevent 
negative  sign  ;  (k)  =  (h)  +  (i)  -  10,  and  (#)  =  (£')  +  (*')  -  10  ;  (1)  or  (I1)  is 
log  wH;  (m)  =  (Z)  -(&)  +  !<),  and 
+  10,  and  (w')  =  i(m' 


-  ~  •    P 


LESSON  LIII. — Observation  of  Declination. 

114.  Apparatus. — The  unifilar  magnetometer  as  fitted 
for  vibration  will  be  required,  but  in  place  of  the  magnet 
then  used  we  employ  one  in  other  respects  similar,  except 
that  it  may  easily  be  suspended  in  a  reversed  position. 
C,  Fig.  142,  shows  the  declination  magnet,  which  may  be 
suspended  either  from  c  or  c'.  This  magnet  has  a  lens, 
and  a  scale  at  the  chief  focus  of  the  lens. 

Method. — (1.)  As  in  the  case  of  the  vibration  magnet, 
we  must  obtain  a  clear  image  of  this  scale  through  the 
observing  telescope.  The  scale  has  a  zero  line,  and  the 
telescope  has  a  cross -wire,  and  the  instrument  must  be 
turned  in  azimuth  until  the  zero  line  of  the  scale  coincides 
with  the  cross-wire  of  the  telescope.  (2.)  The  horizontal 
circle  must  now  be  read.  It  is  clear  that  if  the  line  of 
optical  collimation  of  the  hollow  steel  magnet  were  to 
coincide  with  its  magnetic  axis,  then  the  reading  of  the 
horizontal  circle  obtained  as  above  would  be  that  which 
represented  the  magnetic  meridian.  This,  however,  is  rarely 
the  case,  and  we  must  now  (3.)  suspend  the  magnet  in  a 
reversed  position,  and  repeat  the  observation.  The  mean 
of  the  two  sets  of  observations  will  denote  the  true  reading 
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of  the  horizontal  circle,  which  corresponds  to  the  magnetic 
meridian.  (4.)  Great  care  must  be  taken  in  this  obser- 
vation to  free  the  suspension  thread  from  torsion.  We 
may  so  arrange  that  in  the  beginning  of  the  observation 
the  thread  shall  be  without  torsion  when  the  suspended 
plummet  or  magnet  is  in  the  magnetic  meridian.  This  is 
done  by  removing  the  magnet  and  substituting  a  plummet 
with  a  cross  bar  of  the  same  weight  as  the  magnet,  and 
allowing  the  bar  to  hang  for  some  time  and  assume  a  position 
of  rest.  The  torsion  head  of  the  suspension  tube  should 
now  be  turned  until  the  bar  of  the  plummet  lies  in  the  axis 
of  the  telescope.  The  magnet  may  now  be  replaced,  but 
care  must  be  taken  that  torsion  is  not  given  to  the  thread 
during  the  operation.  Nevertheless  we  may*  find  at  the 
end  of  the  observation  that  there  is  a  sensible  amount  of 
torsion  for  the  position.  Hence  we  adopt  the  following 
plan.  Begin  with  a  zero  of  torsion,  and  having  determined 
the  torsion  at  the  end,  assume  that  half  this  represents  the 
mean  value  of  the  torsion  during  the  observation.  (5.) 
We  have  thus,  let  us  suppose,  found  the  true  reading  of 
the  horizontal  circle  of  our  instrument  which  corresponds 
to  the  magnetic  meridian.  But  this  is  not  enough,  we 
must  have  a  distant  mark  whose  azimuth  viewed  from  the 
instrument  is  known,  and  we  must  find  the  value  of  the 
circle  reading  when  the  telescope  is  pointed  to  this  mark. 
This  will  be  seen  from  the  following  example : — 

Circle  reading  of  zero  of  magnetic  scale  (scale  erect)   297    0  57 
,,  „  (scale  inverted)   297     3     7 

297     2     2 
Correction  for  torsion       0    0  26 

297     2  28 

Circle  reading  of  mark         .         .        .3181013 

Azimuth  of  mark         .         ,         .  2  48  40 E 

Reading  for  north        .....  315  21  33 

Magnetic  declination        .     18  19     5W 
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LESSON  LIV. — Determination  of  Geographical 
Meridian. 

115.  It  thus  appears  that  at  a  fixed  station,  in  order  to 
obtain  the  absolute  magnetic  declination,  we  must  know  the 
azimuth  from  the  station  of  some  sufficiently  distant  mark. 
If  we  are  making  a  magnetic  survey  we  cannot  of  course 
have  such  a  mark,  and  in  this  case  wfyat  we  do  is  to  take 
by  means  of  a  chronometer  the  exact  time  when  the  centre 
of  the  sun's  disc  crosses  the  line  of  collimation  of  the 
telescope,  which  is  reflected  into  the  instrument  by  means 
of  the  transit  mirror,  taking  at  the  same  moment  the 
corresponding  reading  of  the  horizontal  circle. 

By  calculation  we  can  obtain  from  this  the  exact 
azimuth  of  the  vertical  plane  passing  through  the  sun  and 
through  the  instrument,  and  knowing  the  reading  on  the 
horizontal  circle  which  corresponds  to  it,  we  thus  obtain 
the  equivalent  of  a  mark. 

Let  us  suppose  that  we  are  engaged  in  such  a  magnetic 
survey,  and  that,  furnished  with  a  good  chronometer  of 
which  the  error  is  known  and  with  a  declinometer,  we 
have,  in  addition  to  the  purely  magnetic  observation,  to 
find  the  geographical  azimuth  corresponding  to  some  posi- 
tion of  our  telescope.  Our  first  point  is  to  see  that  the 
transit  mirror  is  in  accurate  adjustment.  Three  things 
are  necessary  in  order  that  this  may  be  perfect.  In  the 
first  place  the  axis  of  the  mirror  must  be  horizontal.  This 
adjustment  is  made  by  means  of  a  riding  level.  Again, 
the  normal  to  the  plane  of  the  mirror  must  be  perpen- 
dicular to  the  axis  of  revolution  of  mirror.  There  is  a 
small  screw  at  the  back  of  the  mirror  by  which  its  plane 
may  be  altered  and  this  adjustment  made  in  the  following 
manner :  Take  some  object  at  a  sufficient  elevation  and 
reflect  it  into  the  telescope,  getting  the  object  bisected  by 
the  wire  of  the  telescope.  Then  reverse  the  mirror  in  its 
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bearings.  If  the  object  still  remains  bisected  by  the  wire, 
no  correction  is  necessary,  but  if  not,  the  screw  at  the  back 
of  the  mirror  must  be  moved  so  as  to  displace  the  image 
through  a  distance  equal  to  half  the  difference  between  the 
two  positions.  This  operation  must  be  repeated  if  neces- 
sary, and  continued  until  the  object  is  in  precisely  the 
same  position  in  both  observations. 

In  the  third  place  it  is  necessary  that  the  line  of  colli- 
mation  or  visual  axis  of  the  telescope  must  be  perpen- 
dicular to  the  plane  of  the  mirror  when  this  is  vertical. 

To  secure  this  adjustment  there  is  an  arrangement 
through  which  the  sun's  light  may  be  made  to  illumin- 
ate the  cross-wires  of  the  telescope.  These  illuminated 
wires  will  be  reflected  from  the  transit  mirror  when  this 
mirror  is  vertical,  and  the  transit  mirror  must  be  turned 
in  azimuth  until  the  illuminated  wires  and  their  reflections 
coincide.  The  line  of  collimation  will  now  be  perpendicular 
to  the  plane  of  the  mirror,  and  we  must  note  the  reading 
of  a  small  vernier  which  moves  with  the  mirror,  and  take 
care  that,  when  the  instrument  is  in  use,  this  vernier  shall 
always  have  the  same  reading  which  it  had  when  we  were 
making  this  adjustment  for  collimation.  The  transit 
mirror  may  now  be  considered  to  be  in  perfect  adjustment. 

It  is  presumed  that,  by  a  method  similar  to  that 
described  in  the  Appendix  to  our  first  volume,  p.  284, 
the  centre  of  the  cross-wires  of  the  telescope  has  previously 
been  made  to  coincide  with  the  optical  axis,  and  that 
when  the  telescope  is  properly  placed  in  position  one  of  its 
cross-wires  is  vertical  while  the  other  is  horizontal.  We 
have  thus  a  vertical  cross-wire  passing  through  the  optical 
axis  of  the  telescope.  The  mirror  and  telescope  being 
now  in  perfect  adjustment,  and  the  observer  being  fur- 
nished with  a  good  chronometer,  of  which  the  error  is 
accurately  known,  an  observation  of  the  sun  may  be  made, 
a  dark  glass  being  used  in  order  to  prevent  the  light  of  the 
sun  from  too  strongly  affecting  the  eye  of  the  observer. 
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The  following  is  an  example  of  such  an  observation  :  — 

3d  May  1886. — Made  an  observation  at  magnetic  house  at  Kew. 
Latitude,  51°  28'  6"  N.  ;  longitude,  1  m.  15  sec.  W.  Error  of 
chronometer  at  station  on  local  time,  + 1  m.  46  sec. 

The  exact  time  at  which  the  centre  of  the  sun  (mean  of  two  limbs) 
crossed  the  central  wire  was  3  h.  37  m.  23  sec.,  as  given  by  the  chro- 
nometer. Hence 

h.   m.     s. 

Time  observed       .          .       3  37  23 
Add  equation  of  time  as 
given  by  Nautical  Al- 
manac 0     3  17 


3  40  40 
Error  of  chronometer  (fast)     0     1  46 


3  38  54  =  true  local  apparent  time. 

Now  in  Fig.  146  let  P  represent  the  pole,  Z  the  zenith, 
and  S  the  sun  at  the  moment  of  observation.  ZP  denotes 
a  portion  of  a  great  circle  passing  through  the  pole  and  the 


Fig.  146. 

zenith,  on  a  continuation  of  which  the  sun's  centre  would 
have  been  found  at  apparent  noon.  PS  is  a  great  circle 
passing  through  the  pole  and  the  centre  of  the  sun  at  the 
moment  of  observation.  Hence  the  angle  C  is  denoted  by 
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the  difference  in  time  between  apparent  noon  and  the 
moment  of  observation,  allowing  15°  for  each  hour,  and  is 
therefore  =  54°  43'  30".  Also  the  side  b  =  co-latitude  = 
38°  31'  T>4",  and  the  side  a  =  north  polar  distance  of  the 
sun  =  74°  13'  56".  But  by  Napier's  formulae  for  spherical 
triangles  we  have 


Tan  t,- 

2          .    a  +  b         2 
sin  -3- 

from  which  it  follows  that  A,  or  azimuth  of  sun  from  north, 
=  108°  40'  11". 

Again  the  reading  of  the  horizontal  divided  circle  of  the 
instrument  at  the  observation  was  288°  19'  44",  which  is 
therefore  the  reading  in  azimuth  of  the  great  circle  ZS 
passing  through  the  zenith  and  through  the  sun  at  the 
moment  of  observation,  and  hence  this  great  circle  differs 
by  108°  40'  11"  from  that  passing  through  the  zenith  and 
through  the  north  pole,  so  that  108°  40'  1  1"  +  288°  19'  44", 
or  36°  59'  55",  will  denote  the  circle  reading  for  true 
north. 

Lastly,  a  fixed  and  easily  distinguishable  mark  was 
also  observed,  and  the  reading  of  the  circle  for  this 
mark  was  39°  48'  35".  Hence  the  azimuth  of  this  mark 
was  2°  48'  40"  to  the  east  of  north.  It  is  this  azimuth 
that  we  have  made  use  of  in  the  example  of  the  method 
of  finding  the  absolute  declination  which  has  just  been 
given. 


CHAPTER   VII. 

ELECTRO-MAGNETISM  AND  ELECTRO-MAGNETIC 
INDUCTION. 

PART  I. — ELECTRO-MAGNETISM. 

116.  IN  this  part  the  student  will  have  brought  before 
him  certain  quantitative  relations  between  electricity  and 
magnetism  of  great  practical  importance.  We  shall  first 
consider  the  following  cases  : — 

(1.)  Action  of  a  linear  current  on  a  magnet. 

(2.)  Action  of  a  circular      „  „ 

(3.)  Action  of  a  helical        „  ,, 

LESSON  LV. — Action  of  a  Linear  Current  on  a 
Magnet  (Biot  and  Savart's  law). 

117.  Exercise. — To  verify  the  law  that  the  intensity  of 
magnetic  action  of  a  linear  current  of  indefinite  length  on 
the  pole  of  a  magnet  varies  inversely  as  the  perpendicular 
distance  of  the  pole  from  the  straight  wire  which  conveys 
the  current. 

Apparatus. — A  vertical  wire  at  least  three  metres  long 
mounted  on  a  board  is  arranged  so  as  to  form  the  movable 
side  of  a  large  rectangular  circuit  whose  plane  is  nearly  at 
right  angles  to  the  magnetic  meridian.  In  this  circuit  is 
placed  a  battery  provided  with  a  commutator.  An  ordi- 
nary galvanometer  scale  has  a  rod  fixed  horizontally  at 
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right  angles  to  it,  which  rod  supports  at  its  extremity  a 
small  magnetometer  m  (Fig.  147),  consisting  of  a  suspended 
mirror  with  a  magnet  at  its  back  enclosed  in  a  small 


Fig.  147. — APPARATUS  FOR  PROVING  LAW  OF  LINEAR  CURRENTS. 

brass  box.  In  the  figure  I  is  a  lens  for  focusing,  and  M  a 
directing  magnet  intended  to  bring  the  magnet  of  m  to 
zero  without  sensibly  affecting  the  field.  A  millimetre 
scale  will  also  be  required. 

Theory. — We  shall  assume  that,  other  things  remaining 
the  same,  the  action  of  a 
small  portion  of  the  wire 
conveying  a  current  acts 
upon  a  magnetic  pole  with 
a  force  which  varies  directly 
as  the  length  of  the  small 
portion  or  element,  and  in- 
versely as  the  square  of 
its  distance  from  the  pole. 
From  this  assumption  we 


D' 


JB' 


B 

Fig.  148. 


shall  prove,  in  an  elemen- 
tary manner,  that  Biot  and 
Savart's  law  must  directly 
follow. 

Let  M  (Fig.  148)  be  the  magnetic  pole  which  is  acted 
upon  by  a  current  in  the  wire  AB  at  a  perpendicular  dis- 
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tance  ME  =  d  from  the  pole,  or  by  the  same  current  A'B' 
at  a  different  perpendicular  distance  ME'  =  d'  Draw  two 
lines,  MCC'  and  MDD',  cutting  off  from  AB  and  A'B'  two 
very  small  portions  of  current  CD  =  8  and  C'D'  =  8'.  Let 
the  forces  exerted  by  8  and  8'  on  M  acting,  the  one  at  the 
distance  CM  or  DM  —p,  and  the  other  at  the  distance  C'M 
orD'M-/,  be  /and/. 

Then,  by  the  above  assumptions, 


/_!./!. 
?-#  P* 

But,  by  geometry, 

L_l!_i 

3'~p'~d' 
hence  -    ^ 

f  =  d' 

that  is  to  say,  the  force  varies  inversely  as  the  simple 
distance.  Now  what  is  true  of  the  elements  8  and  8'  is 
equally  true  of  all  other  elements.  Hence  the  whole 
forces  F  and  F  exerted  by  AB  and  A'B'  obey  the  same  law, 
so  that 

P_£ 

Y'~d' 

We  know  from  our  previous  experiments  that  the  direc- 
tion of  the  force  is  such  as  to  twist  round  the  magnet 
to  which  the  pole  belongs  until  its  axis  shall  be  at  right 
angles  to  the  plane  passing  through  its  centre  and  the 
current. 

Experimental  Proof.  —  This  important  conclusion  might 
be  verified  after  the  manner  of  Biot  and  Savart  by  de- 
termining the  time  of  vibration  of  a  magnetic  needle 
placed  at  different  distances  from  the  wire  conveying  the 
current.  It  will,  however,  be  easier  to  use  the  method 
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of  deflection.  For  this  purpose  let  a  small  magnet,  free  to 
move  horizontally,  be  arranged  so  that  the  plane  which 
passes  through  its  centre  and  the  wire  conveying  the  current 
shall  be  that  of  the  magnetic  meridian.  Let  NS  (Fig.  149) 
denote  the  horizontal  line  in  which  the  needle  points,  W 
denoting  the  horizontal  projection  of  the  vertical  wire, 
while  O  is  the  centre  of  the  magnet. 
This  magnet  NS  we  shall  suppose  to 
be  deflected  by  a  current  going  down 
the  wire  until  it  assumes  the  position 
in  Fig.  149,  making  an  angle  a  with 
the  magnetic  meridian. 

Now,  when  there  is  equilibrium,  we 
shall  have  two  couples  acting  upon  the 
magnet.  In  the  first  place,  there  will 
be  the  couple  consisting  of  the  attrac- 
tion of  the  earth  for  the  north  pole  n, 
represented  in  magnitude  by  wH,  and 
the  equal  and  opposite  repulsion  for 
the  south  pole  s,  represented  by  sH.  In 
the  next  place,  there  will  be  the  couple 
consisting  of  the  forces  exerted  by  the 
current  on  the  two  poles,  wrhich  forces 
are  represented  in  magnitude  and  direction  by  nF  and  $F. 
Now  when  the  resultant  of  the  forces  at  each  pole  acts 
through  the  axis  of  the  magnet,  they  will  together  con- 
stitute a  couple  of  no  moment,  representing  two  equal  and 
opposite  pulls  upon  the  magnet  in  the  direction  of  its  axis, 
and  hence  the  magnet  will  remain  at  rest  in  this  position. 
We  find  that  in  a  position  of  equilibrium,  in  which  the 
resolved  portion  of  the  force  H  perpendicular  to  the  needle 
must  balance  that  of  the  force  F,  we  must  have 

Fcosa  =  H  sin  a, 

an  expression   which   is   independent  of  the  moment  of 
the  magnet,  as  was  the  case  with  the  expression  of  p.  31; 


Fig.  149. 
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hence  F  =  Htana. 

If  the  distance  between  the  centre  of  the  magnet  and  the 
current  (OW  =  d)  be  changed  to  d',  then 

F'  =  H  tan  a' 
where  a  is  the  new  deflection.     But  if 

F     d 
V'=d' 
it  follows  that 

tan  a  _d' 
tan  a'~  d 
or 

d  tan  a  =  d'  tan  a'  =  a  constant  quantity. 

It  thus  appears  that  what  we  have  got  to  do  in  this  experi- 
mental investigation  is  to  move  the  wire  to  different 
distances  from  the  magnet,  and  observe  in  each  position 
the  tangents  of  the  angle  of  deviation,  with  the  view  of  ascer- 
taining if  the  relation  expressed  by  the  last  equation  be 
correct. 

Example. — 

Distance  of  Wire  from  Tangent  of  Mean 

centre  of  magnet  in  Deflection  d  tan  a. 

Millimetres  (d).  (tan  a). 

83  177  14,691 

105  135  14,175 

146  99  14,454 

183  78  14,274 

In  which  the  observed  scale  readings  have  been  taken  as 
proportional  to  tan  a.  The  value  of  d  tan  a  is  thus  found 
within  the  limits  of  possible  experimental  error  to  be  a 
constant. 

LESSON  LVI. — Action  of  a  Circular  Current  on  a 
Magnet. 

118.  Exercise. — To  prove  experimentally  the  law  relating 
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to  the  action  at  different  distances  of  a  circular  current 
upon  a  magnet. 

Apparatus. — A  compass  box  mounted  so  as  to  slide  on 
a  graduated  platform  which  is  mounted  centrically  and  at 
right  angles  to  the  plane  of  a  vertical  circle  conveying  the 
current.  That  is  to  say,  the  compass  box  slides,  having  its 
centre  in  a  line  which  is  perpendicular  to  the  plane  of  the 
circle,  and  which  passes  through  the  centre  of  the  circle. 

Fig.  150  shows  a  convenient  form  of  the  instrument, 
which  is  really  a  galvanometer  with  a  movable  compass 
box. 


Fig.  150.—  TANGENT  GALVANOMETER  WITH  SLIDING  COMPASS  Box. 

A  constant  battery  and  a  commutator  will  likewise  be 
required. 

Theory.  —  Let  AB  A'B'  (Fig.  151)  be  the  circular  wire  of 
radius  a  conveying  a  current  of  strength  C.  Consider  the 
action  of  an  element  ds  of  the  current  upon  a  magnetic 
pole  of  unit  strength  placed  at  M,  which  is  at  a  distance 
x  from  the  centre  of  the  circle.  The  whole  force  df  on 
the  magnetic  pole  due  to  this  element  will  be 


where  r  =  AM.     Now  this  force  will  act  in  a  direction  at 
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right  angles  to  the  plane  AMB.  Let  this  force  be  therefore 
represented  by  ME,  the  line  ME  being  a  normal  to  the 
plane  AMB.  Now  resolve  ME  into  two  components,  one 
MF  acting  in  the  line  of  x,  and  another  FE  acting  at  right 
angles  to  x,  and  let  the  force  along  MF  =  df.  Now,  from 
the  similar  triangles  EFM  and  AOM  we  have 


df_r 
df~a 


•     (2) 


Hence  from  (1)  df  — 


Cads 


But  since  for  every  other  ele- 


ment a  similar  expression  will  be  obtained,  we  may  by 


Fig.  151. 


summation  obtain  the  whole  force  F  acting  along  MF,  that 
is  to  say,  in  a  normal  to  the  plane  of  the  current.     In  fine 


It  is  easily  seen,  moreover,  that  this  expression  represents 
the  total  force,  since  the  various  components  expressed  by 
EF  will  balance  one  another  all  round  the  circle,  thus  EF 
will  be  balanced  by  the  vertical  component  of  A'B'. 

If  for  the  unit  magnetic  pole  we  substitute  a  small  mag- 
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net  of  strength  s,  then  the  poles  will  be  respectively  acted 
on  by  two  equal  and  opposite  forces  Fs,  and  on  the  other 
hand  the  poles  will  likewise  be  respectively  acted  on  by 
a  second  pair  of  two  equal  and  opposite  forces  Hs,  where 
H  is  the  horizontal  component  of  the  earth's  magnetic 
force,  assuming  that  the  plane  of  the  circle  is  in  the  mag- 
netic meridian. 

Hence  we  shall  have,  as  on  p.  318, 

F  =  H  tana    .  .     *  .         .     (4) 

Hence  also,  from  (3), 


Note.  —  (If  there  were  n  circular  currents  so  near  each 
other  that  the  distance  of  each  one  from  the  magnet  might 
be  regarded  as  identical,  then  the  expression  in  the  left-hand 
member  of  (5)  must  be  multiplied  by  n.  In  this  case  a 
would  signify  the  mean  radius  of  the  coils.) 

We  may  write  (5)  thus, 


where  K  is  some  constant,  as  long  as  C  and  H  are  constant. 
This  form  will  be  most  convenient  for  use  in  the  experi- 
ment about  to  be  described. 

Experimental  Proof.  —  Place  the  circular  coil  in  the  mag- 
netic meridian,  and  connect  it  with  a  constant  battery  pro- 
vided with  a  commutator.  Next  ,take  deflections  at 
different  distances  of  the  compass  box  from  the  coil.  Read 
both  ends  of  the  needle  and  reverse  the  commutator  at 
each  position.  Measure  the  radius  of  the  coil  with  callipers. 
Finally  compare  the  tangents  of  the  mean  deflections  with 
values  derived  from  calculation,  as  shown  in  the  following 
example  :— 

Example.  —  a  =  375  inches. 

VOL.  ii.  y 
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(1.) 

Distance  from 

(2.) 

(3.) 

(4.) 

(5.) 

(6.) 

Adopted 

centre  of  com- 
pass needle  to 
centre  of  coil 

Mean  de- 
flection. 

Tangent  of 
deflection. 

Value  of 

0,2 

3-M 

value  of 
K      a2      •> 

(a2  +2;-)" 

or  x. 

0 

40° 

•8391 

•2667 

3-147 

•8391 

1 

37 

•7536 

•2406 

3-132 

•7570 

1-5 

34 

•6745 

•2135 

3-160 

•6716 

2 

3075 

•5949 

•1832 

3-247 

•5766 

2'5 

26-75 

•5040 

•1536 

3-281 

•4834 

3 

22-25 

•4091 

•1270 

3-221 

•3995 

3-5 

18-5 

•3346 

•1042 

3-210 

•3278 

4 

15-375 

•2750 

•08532 

3-222 

•2685 

4-5 

12-75 

•2263 

•06996 

3-234 

•2192 

5 

10-5 

•1853 

•05760 

3-218 

•1812 

5'5 

8-875 

•1561 

•04767 

3-275 

•1500 

6 

7-5 

1317 

•03970 

3-242 

•1249 

On  dividing  the  numbers  in  the  third  column  by  the 
numbers  in  the  fourth  the  quotient  should   be  constant, 
as  we  see   it  is  from  (5),   at  least  within   the  errors  of 
observation.     In  experiments  of  this  kind,  where  the  degree 
of  accuracy  is  not  high,  the  law  is  best  tested  by  the  use  of 
the  graphical  method — that  is,  by  plotting  two  curves  and 
comparing  their  form.      The  continuous  line  of  Fig.  152 
shows  the  result  of  taking  the  numbers  in  the  first  column 
as  abscissae  and  those  in  the  third  column  as  ordinates, 
thereby  giving  a  curve  showing  the  relation  obtained  by 
experiment.       In    order   to    make   a  curve    showing    the  ; 
theoretical  relation  comparable  with  that  due  to  experi- 
ment, some  value  must  be  given  to  K  which  will  bring  the 
numbers  in  the   fourth   column   near  those  in   the   third 
column.     If  we  wished  the  two  curves  to  fall  upon  each 
other,  the  best  value  to  give  to  K  would  be  the  mean  of  j 
the  constants  in  the  fifth  column.     We  have  selected  the 
value  3*1467,  which  will  enable  us  to  distinguish  without ! 
confusion  the  two  curves,  the  theoretical  one  being  a  dotted  j 
line.     On  multiplying  the  numbers  of  the  fourth  column  I 
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by  3' 14 67  the  numbers  of  the  sixth  column  are  obtained, 


Fig.  152.— GRAPHICAL  PROOF  OF  LAW. 

which  give  the  required  ordinates  of  the  theoretical  curve. 
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It  will  be  noticed  that  the  two  curves  are  very  like 
each  other,  thereby  giving  us  reason  to  conclude  that  the 
theoretical  formula  is  right. 

The  most  useful  case  of  (3)  is  when  x  -  0,  then  from 
(3)  and  the  note  to  (5)  we  obtain 

2iranC      ^m  a  turn116  x  number  °f  turns  x  strength  of  current 
a-  square  of  radius 

We  shall  now  proceed  to  verify  this  formula  independ- 
ently by  the  zero  methods  of  Poynting  and  Thury.1 

LESSON  LVII. — Proof  of  Electro-magnetic  Laws. 
119.   Apparatus. — On    a  vertical    board    are    arranged 


Fig.  153.— POYNTINO'S  APPARATUS. 

three  equal  circles  of  wire  (Fig.  153),  (1),  (2),  and  (3),  and 

1  Poynting,  Pro.  of  Manchester  Lit.  and  Phil.  Society,  vol.  xviii.  p. 
85  ;  Thury,  Moussorfs  Physik,  p.  582, 
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at  a  distance  from  the  centre  equal  to  twice  that  of  these 
circles  there  are  likewise  arranged  three  other  circles,  (4), 
(5),  and  (6),  concentric  with  the  former.  All  these  circles 
are  formed  of  the  same  wire  with  the  exception  of  (4), 
which  has  a  cross-section  equal  to  four  times  that  of  the 
others  ;  (5)  and  (6)  are  in  the  same  circuit.  The  ends  of 
the  circles  are  provided  with  mercury  cups  arranged  so 
that  by  means  of  copper  rods  of  appropriate  length  the 
connections  to  be  described  below  may  be  conveniently 
made.  The  respective  terminals  are  as  follows  . — 

Coil  (1)  Terminals  A  and  B. 

,,    (2)  „         C  and  D. 

„    (3)  .,         E  and  F. 

„    (4)  „         K  and  L. 

,,    (5)  and  (6)  ,,         G  and  H. 

At  the  centre  of  these  circles  there  is  a  small  magnetic 
needle  suitably  pivoted.     A  battery  and  key  will  be  re- 
quired.    Having  placed  the  plane  of  the  coils  in  the  mag- 
netic meridian,  the  following  experiments  may  be  made  : — 
Experiment — (1.)    To  prove  that  If  the  current  is  re- 
versed the  force  is  reversed. — Let  the  current  enter 
at  A,  join  B  and  D,  and  let  the  current  leave  at 
C.      The  current  must  therefore  go  round  (1)  in 
one  direction  and  round  (2)  in  the  opposite  direc- 
tion.    Hence  the  needle  should  be  unaffected. 
(2.)  To  prove  that  The  force  is  proportional  to  the  strength 
of  the  current  and  to  the  length  of  circuit. — Let  the 
current  enter  at  A,  connect  A  with  C,  B  with  D, 
and  D  with  E,  and  let  the  current  leave  at  F. 
By  means  of  this  arrangement  two  half-currents 
go  round  by  (1)  and  (2)  in  one  direction,  and  the 
whole    current   returns   by    (3)    in  the   opposite 
direction.       Now   if   the  effect  of  a  current   of 
half-strength   passing  twice  round  in  one   direc- 
tion   is   equal   to   a   unit   current   passing   once 
round  in  the  opposite  direction,  there  should  be 
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no  deflection  of  the  needle.  This  will  be  found 
to  be  the  case,  and  hence  the  force  is  proportional 
to  the  strength  of  the  current  and  to  the  length 
of  circuit. 

(3.)  To  prove  that  The  force  is  inversely  proportional  to 
the  square  of  the  distance.  —  Let  the  current  enter 
at  A,  join  B  with  H,  and  let  the  current  leave 
at  G.  Now  coils  (1),  (5),  and  (6)  are  placed  in 
series,  so  that  the  same  current,  say  of  strength 
C,  passes  in  one  direction  round  (5)  and  (6),  and 
in  the  opposite  direction  round  (1).  We  have 
thus  for  coil  (l)a=l,w=l,  hence 


also  for  (5)  and  (6)  a  =  2,  n  =  2,  hence 


in  other  words,  the  forces  are  equal,  and  being 
opposite  the  needle  should  remain  unaffected. 

The  apparatus  is  also  adapted  to  prove  two  other 
laws  relating  to  resistance. 

(1.)  The  resistance  is  proportional  to  the  length  of  the  cir- 
cuit. —  Let  the  current  enter  at  A,  join  B  and  C, 
D  and  F,  A  and  E,  and  let  the  current  leave  at  F. 
Here  the  current  splits  between  (1)  and  (3)  ((2) 
being  in  series  with  (1)),  and  goes  round  (3)  in  an 
opposite  direction  to  that  in  which  it  circulates 
in  (1)  and  (2).  Hence  if  doubling  the  length 
doubles  the  resistance,  the  current  should  be 
halved,  and  hence  the  effect  of  the  two  turns  of 
(1)  and  (2)  should  be  equal  and  opposite  to  that 
of  the  one  turn  of  (3),  which  will  be  found  to  be 
the  case. 

(2.)  The  resistance   is  inversely  proportional  to    the  cross- 
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section. — Introduce  the  current  at  A,  connect  A 
and  L,  B  and  C,  D  and  K,  and  let  the  current 
leave  at  K. 

Here  we  have  two  circuits  connecting  A  with  K. 
The  first  of  these  consists  of  the  two  coils  (1)  and 
(2)  in  series,  and  the  second  of  a  coil  (4)  of  the  same 
length  as  (1)  and  (2)  together,  but  at  a  double  distance 
from  the  needle  and  of  quadruple  cross -section — going 
round  likewise  in  a  direction  the  opposite  to  that  of  (1) 
and  (2).  Now  the  coil  (4)  being  at  a  double  distance, 
must,  in  order  to  make  up  for  this  increased  distance, 
have  a  current  four  times  as  strong  as  that  of  (1)  and  (2) 
if  it  is  to  balance  these  latter  coils,  and  produce  no  deflec- 
tion on  the  needle.  But  we  .find  that  this  is  the  case,  and 
hence  it  follows  that  the  effect  of  increasing  the  cross- 
section  four  times  is  to  diminish  the  resistance  and  increase 
the  current  four  times  ;  in  other  words,  the  resistance  varies 
inversely  as  the  cross-section. 

120.  Solenoid. — Let  us  now  study  experimentally  the 
simplest  kind  of  solenoid,  consisting  of  a  series  of  circular 
currents  lying  with  their  planes  parallel  to  each  other,  their 
centres  being  in  the  same  straight  line  perpendicular  to 
these  planes.  It  is  not  possible  to  arrange  such  a  series, 
but  a  helix  so  nearly  imitates  the  conditions  that  it  may 
be  taken  to  represent  the  same  thing.  The  action  of  the 
connecting  portions  may  be  neutralised  by  running  the 
current  back  through  a  horizontal  wire  parallel  to  the  axis 
of  Ihe  helix  so  as  to  oppose  the  currents  in  those  con- 
necting portions.  Such  an  arrangement  constitutes  an 
Experimental  Solenoid. 


LESSON  LVIIL — Magnetic  Action  of  a  Solenoid. 

121.  Apparatus. — The  magnetometer  and  scale  of  Lesson 
LV.       This    magnetometer  is    sufficiently    small    to    pass 
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inside  a  helix  of  diameter  37  mm.  and  length  542  mm. 
wound  on  a  brass  tube.  The  helix  consists  of  a  single 
layer  of  No.  20  B.  W.  G.  covered  wire  well  steeped  in 
paraffin,  so  as  to  keep  the  coils  together.  The  helix  is 
mounted  on  a  wooden  slide  provided  with  a  scale  (see 
Fig.  154).  A  constant  battery  and  key  will  likewise  be 
required. 


Fig.  154. — MAGNETOMETER  AND  HELIX. 


Theory. — Let  QD  -  a  (Fig.  155)  be  the  radius  of  the  helix, 
and  let  B  be  the  point  at  which  a  unit  magnetic  pole  is 
placed.  Here  the  axis  of  the  helix  is  supposed  to  be  in  the 


Fig.  155. 


plane  of  the  paper,  and  its  circular  cross-section  to  be  per- 
pendicular to  the  plane  of  the  paper.  Also  let  ABD  =  0, 
then  clearly  the  angles  made  with  the  axis  DB  by  lines 
drawn  to  B  from  any  point  in  the  circumference  of  the  heli- 
cal circle  which  passes  through  A  will  all  be  =  0.  In  like 
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manner  let  A'BA  =  SO,  and  let  C'  denote  the  whole  current 
which  flows  round  a  slice  of  the  helix  of  breadth  =  unity. 
This  current  may  embrace  a  greater  or  smaller  number  of 
turnings,  according  to  circumstances.  Draw  A'C  perpen- 
dicular to  ACB.  Now  A'C  =  A'BS0  =  ABS0  when  50  is 
very  small;  and  since  the  triangle  AA'C  is  similar  to 
ABD',  we  have 

A  A  i     k.>r\    AB       .  .  ~    AT> 

AA=ACxAD'=ACx-^ 
Hence 


Let  F  denote  the  force  upon  the  pole  of  that  element 
of  the  helix  embraced  betweeD  A  and  A'  all  round.  This 
will  be  (see  p.  320)— 


AB 

If  we  integrate  between  the  limits  \f  =  QBD  and  if' 
=  PBD,  we  have 

F  =  2?rC'(cos  if/  -  cos  if/). 

If  I  be  the  length  of  the  helix,  and  n  be  the  number  of 
turns  of  the  wire  which  conveys  the  current  C,  then 


hence  ^* 

(1) 


If  the  unit  pole  be  placed  inside  the  helix,  (1)  becomes 

.         .         .     (2) 


and  when,  under  these  circumstances,  the  length  of  the 
solenoid  is  great  in  comparison  with  its  diameter,  cos  \f  and 
cos  if'  become  unity,  and  then 


which  is  a  constant  quantity. 


.  ...     (3) 

I 
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Experimental  Proof. — The  tangent  of  the  angle  of  de- 
flection of  a  small  magnetic  needle  placed  at  m  (Fig.  154) 
will  be  proportional  to  the  magnetic  strength  at  that  point. 
But  the  divisions  of  the  magnetometer  scale  may  be  taken 
to  be  proportional  to  such  tangents,  and  hence  all  that  it 
is  necessary  to  do  is  to  take  the  deflection  at  .various  dis- 
tances from  the  helix.  The  base  supporting  the  helix 
should  be  clamped  down  to  the  slab  on  which  the  magnet- 
ometer stands,  so  that  the  helix  can  only  move  in  the 
direction  of  its  axis. 

Let  BD  (Fig.  155),  the  distance  of  the  farthest  end 
of  the  helix  from  centre  of  needle,  =  d1 ;  let  BE,  the  dis- 
tance of  the  nearest  end  of  the  helix  from  centre  of  needle, 
=  dy  so  that  dl  =  d2  +  I. 

Then  from  (1)  and  (2)  we  may  derive  the  following, 


K  (constant)  =  (  - 


where  D  is  the  deflection. 

Example. — /  =  540  mm.,  a  =  24  mm. 

A. 


p,  ,   ,      Distance  between  Magnet 
•     and  nearest  end  of  Helix. 


0 

10 
20 
30 


Mean 
Deflection. 

188-5 
119 

68-5 

39-5 


Difference  for 
10  mm. 

69-5 
50-5 
29 


K. 


•00516 
•00524 
•00553 


B.  With  a  different  current. 


Distance  between  Magnet 
and  nearest  end  of  Helix. 

100 
120 
140 
160 
180 
200 


Mean  Difference  for 

Deflection.  20  mm. 


226 

153-5 

112 

84 

67 

53 


72-5 
41-5 

28 
17 
14 


K. 

•000119 
•000122 
•000122 
•000125 
•000122 
•000125 
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C.   With  a  different  current  —  Magnet  inside  the  Helix. 

v     .         Distance  between  Magnet          Mean  Difference  for  K 

and  nearest  end  of  Helix.      Deflection.  10  mm. 

1  0  137-5       .„., 

2  10          181  -00764 

3  20          207       :?        -00792 

4  30          221  -00805 

The  calculation  of  K  is  facilitated  by  (1)  finding,  from 
tables,  the  angle  whose  tangent  is  -J,  and  (2)  obtaining  the 
cosine  of  the  angle  found. 

122.  TJie  Electro-magnet.  —  The  introduction  of  an  iron 
core  within  a  helix  increases  very  greatly  the  magnetic 
strength.  This  combination  constitutes  an  electro-magnet. 
Here  a  quantity  of  magnetism  will  be  separated  across  any 
section  of  the  core  equal  to  strength  of  the  field  within 
the  helix  x  area  of  cross-section  of  the  core  x  the  coeffici- 
ent of  magnetic  induction. 

In  order  to  discuss  the  theory  of  the  electro-magnet  it 
is  desirable  that  we  should  now  proceed  to  give  to  the 
action  of  the  helix,  already  discussed,  a  magnetic  interpre- 
tation. That  is  to  say,  we  must  find  whether  we  cannot 
regard  the  helix  as  equivalent  to  a  magnet,  in  which  case 
we  shall  be  enabled  to  express  the  joint  action  of  the  helix 
and  of  the  iron  core  by  a  simple  method  of  addition. 

To  do  this  let  us  begin  by  referring  to  Lesson  LVL, 
in  which  we  investigated  the  action  of  a  circular  current 
upon  a  magnetic  pole  of  unit  strength  placed  at  a  distance 
x  from  the  centre  of  the  circular  current  along  the  axis,  a 
denoting  the  radius  of  the  circle  and  C  the  strength  of  the 
current.  We  then  obtained  the  following  expression, 


„ 
r 


If  the  distance  x  be  very  great  with  respect  to  the 
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radius  of  the  circle,  this  expression  will  become  approxi- 
mately 


Suppose  now  that  we  replace  this  circular  current  by 
a  magnet  at  the  centre  of  the  circle,  the  strength  of  whose 
pole  is  S  and  whose  length  is  dx,  the  magnetic  axis  lying 
in  the  line  z,  and  the  poles  being  so  placed  that  the  magnet 
exercises  the  same  sort  of  force  upon  the  unit  pole  as  the 
current  does,  that  is  to  say,  both  are  attractive  or  both 
are  repulsive.  It  is  clear  that  the  moment  of  this  magnet 
will  be  Sdx.  Now  (assuming  that  the  action  is  attractive) 
we  shall  have  the  nearer  pole  of  the  magnet  attracting  the 
unit  pole  with  a  force  §  or  Sx~2,  while  the  further  pole 
will  repel  the  same  with  a  force  firr^  —  S  {x~z  —  2x~2dx] 
nearly. 

On  the  whole,  therefore,  there  will  be  an  excess  of 
attraction  represented  by  2$x~3dx.  If  this  is  to  be  equiva- 
lent to  the  action  of  the  current  or  F  we  must  have 


and  hence 


that  is  to  say,  the  moment  of  the  magnet  must  be  equal  to 
the  area  of  the  circuit  multiplied  by  the  strength  of  the 
current.  Again  the  magnet  must  be  so  placed  that  look- 
ing at  it  from  the  south  seeking  pole,  from  which  point  the 
molecular  currents  of  the  magnet  may  be  regarded  as 
positive  currents  circulating  in  the  direction  of  the  hands 
of  a  watch,  the  direction  shall  coincide  with  that  of  the 
current  in  the  circuit.  Instead  of  a  single  magnet  we  may 
have  a  bundle  of  similarly  placed  small  magnets  of  united 
moment  =  7r&2C  filling  up  the  area  of  the  circle,  all  their 
south  poles  lying  on  one  surface  and  all  their  north  poles 
on  another  parallel  to  the  former  and  contiguous  to  it. 
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These  layers  would  constitute  the  equivalent  magnetic  shell 
of  the  circuit. 

What  we  have  proved  applies  to  a  very  small  circular 
current,  but  it  will  be  seen  from  Fig.  156  that  we  may  im- 
agine a  large  circular  current 
to  be  composed  of  an  infinite 
number  of  very  small  circular 
currents,  such  as  abed,  of  the 
same  strength  as  the  large 
one,  all  having  the  same  sort 
of  rotation,  and  hence  placed 
so  that  the  adjacent  element- 
ary currents  being  in  opposite 
directions  cancel  each  other. 
The  only  effective  portion  of  this  group  of  circular  currents 
will  therefore  be  the  main  current  in  the  external  circle. 

Now  each  of  these  small  hypothetical  component  circles 
may  be  replaced  by  means  of  an  extension  of  the  above 
demonstration  (inasmuch  as  obliquity  and  distance  act  in 
the  same  way  both  on  currents  and  magnets)  by  its  equiva- 
lent small  magnetic  shell,  and  hence  the  main  large  circular 
current  may  be  replaced  by  its  large  magnetic  shell. 

Let  us  now  apply  this  mode  of  viewing  things  to  the 
demonstration  of  Lesson  LVIIL,  where  we  found 

T-,     27rC'a2  x  A  A' 
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Fig.  156. 

Here  for  AA'  we  may  substitute  dx,  and  if  C'  denote  the 
current  for  breadth  unity,  the  current  for  breadth  dx  will 
evidently  be  C'dx.  Hence  substituting  a  magnetic  shell  for 
the  current  we  shall  have  -ra^C'dx  =  Sdx.  Hence 


S  or  the  strength  of  the  magnetic  pole  = 


(1) 


Now  if  we  make  the  same  substitution  throughout  every 
little  distance  dx  we  shall  obtain  a  vast  number  of  magnetic 
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shells  joined  in  line,  which  represent  the  solenoid.  But 
if  we  regard  any  interior  shell  we  shall  see  that  the  south 
pole  of  one  shell  cancels  the  north  pole  of  the  one  next  it, 
so  that  the  only  uncompensated  portions  are  the  external 
members,  i.e.tlie  first  and  the  last  of  the  series.  But  this  is 
only  another  way  of  expressing  the  fact  that  the  solenoid 
is  represented  magnetically  by  a  magnet,  the  strength  of 
whose  pole  is  S,  the  distance  between  its  poles  being  equal 
to  the  length  of  the  solenoid.  Now,  referring  once  more 
to  Lesson  LVIIL,  we  find  C'  =  -z—  Making  this  substitu- 
tion in  (1)  we  obtain 

s=-™=~ (2> 

where  A  denotes  the  area  of  the  circuit,  n  the  number  of 
turns  of  the  current  of  strength  C,  and  I  the  total  length  of 
the  solenoid. 

This  expression  therefore  forms  a  magnetic  representa- 
tion of  the  solenoid.  With  regard  to  the  strength  of  the 
magnetic  pole  of  the  core  this  will  be  denoted  by  the 
magnetism  separated,  that  is  to  say,  by  the  strength  of 
the  field  within  the  helix  multiplied  by  the  cross-section  of 
the  core  and  by  the  coefficient  of  magnetic  induction.  Now 
the  strength  of  the  field  within  the  core  is  ((3)  p.  329) 

(3) 

and  hence  the  magnetism  separated  will  be  denoted  by 
~Fak,  a  being  the  area  of  the  cross-section,  and  k  the  co- 
efficient of  magnetic  induction. 

The  quantity  Fak  will  likewise  therefore  denote  the 
strength  of  the  magnetic  pole  of  the  core. 

Hence  taking  helix  and  core  together,  the  magnetic 
strength  of  the  joint  pole  will  be 

^  +  F^  =  ^  +  4™^=«e{A+4Mtj_        _     (4) 
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and  the  magnetic  moment  will  be 

nC{A  +  4*ak}  .         .        .        .         .     (5) 

This  theoretical  formula  requires  modification  in  prac- 
tice on  account  of  the  action  of  the  magnetic  induction  on 
f  one  another  of  neighbouring  portions  of  the  iron  core. 
The  true  law  is  much  more  complicated.  Several  empirical 
formulae  have  been  devised  for  expressing  this  law  more 
accurately  ;  the  one  that  is  now  most  in  favour  being  that 
due  to  Frolich,1  namely, 

C 


where  m  is  the  magnetic  moment  and  a  and  b  two  con- 
stants, b  being  the  reciprocal  of  the  maximum  value  of  m. 
We  shall  now  proceed  to  investigate  the  laws  of  the 
electro-magnet  experimentally. 


LESSON  LIX. — Laws  of  the  Electro-magnet. 

123.  Apparatus. — Two  electro-magnets  of  equal  size  will 
be  required,  each  wound  with 
the  same  kind  of  wire.  Each 
should  have  twelve  separate 
layers  connected  with  binding 
screws,  so  that  any  one  or  any 
number  of  these  layers  may, 
if  desirable,  be  used  (see  Fig. 
157).  The  electro-magnets  are 
provided  with  cores  consisting  Fig.  157. 

of  a  bundle  of  wires  of  soft 
iron.  The  coils  are  of  the 
same  construction  as  those  described  in  Part  II.  of  this 

1  See  Dr.  S.  P.  Thompson  on  the  "  Law  of  the  Electro-magnet  and 
the  Law  of  the  Dynamo,"  Phil.  Mag.,  January  and  September  1886, 
also  the  references  there  given. 
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chapter.  For  measuring  the  moment  of  the  magnet  a 
magnetometer  will  be  necessary,  while  for  measuring  the 
current  a  tangent  galvanometer  may  be  used.  It  will  be 
necessary  to  vary  the  strength  of  the  current,  for  which 
purpose  a  box  of  resistances,  containing  5,  2,  2,  1,  '5,  '2, 
•2,  and  '1  ohms  made  of  thick  wire,  will  be  the  best.  A 
constant  battery,  consisting  of  two  or  three  Grove's  cells, 
had  better  be  employed  for  magnetising. 

Method. — Behind  the  magnetometer  M  (Fig.  158)  fix  in  a 
rigid  position  the  electro-magnet  E15  with  its  axis  horizontal 


M 


Fig.  158. — APPARATUS  FOR  INVESTIGATING  MAGNET  LAWS. 

and  at  right  angles  to  the  suspended  needle.  The  axis  of 
the  magnet  should  pass  through  the  centre  of  suspension  of 
the  needle.  Some  distance  away  from  Ej  place  the  other 
similar  electro -magnet  E;>  with  its  core  removed.  The 
two  electro -magnets  should  be  in  series  with  the  tan- 
gent galvanometer  G,  the  battery  (provided  with  a  com- 
mutator), and  the  resistance  coils  R  The  galvanometer 
should  be  sufficiently  far  away  from  the  rest  of  the 
apparatus  to  prevent  the  possibility  of  indirect  action  on 
its  needle. 


UNIVERSITY  OF  CALIFORNIA 

DEPARTMENT  OF  PHYSICS 

VIL]  ELECTRO-MAGNETISM.  337 

In  the  first  place,  let  us  prove  that  the  magnetic  moment 
varies  directly  as  the  number  of  turns  on  the  electro- 
magnet, the  resistance  of  the  circuit  remaining  unchanged. 
In  order  to  fulfil  this  latter  condition  we  must  so  arrange 
the  connections  that  for  every  addition  to  the  circuit  of 
a  coil  of  Ej  a  similar  coil  of  E2  shall  be  removed  from 
the  circuit.  Now  if  our  proposition  be  true  we  should 
find  that  on  dividing  the  magnetometer  reading  by  the 
number  of  coils  in  circuit  the  result  should  be  a  constant 
quantity,  provided  that  k  may  be  regarded  as  constant. 

Example.  (A  galvanometer  in  circuit  showed  the  cur- 
rent to  be  uniform)  — 

n  =  number  of  turns,     11       10         9         8         7         6         5 
m  =  mean  deflection,    344     311      279     245     209     175     140 

-  =  Constant,  31  '2    311    31  "0    30*6    29  '9    29  '2    28 

71 

The  gradual  decrease  of  the  constant  is  due  to  alteration 
of  k. 

Secondly.  Let  us  attempt  to  verify  Frolich's  formula. 
Here  it  will  not  be  required  to  make  use  of  E2,  but  a  fixed 
number  of  turns  of  Ej  having  been  placed  in  circuit  the 
current  must  be  varied  by  inserting  resistances,  and  the 
readings  of  both  G  and  M  taken.  The  tangents  of  the 
deflections  of  G  will  denote  the  current  strength,  and  the 
deflections  of  M  will  be  proportional  to  the  magnetic 
moments  of  EL.  From  these  values  the  constants  of 
Frolich's  formula  should  be  obtained,  and  we  may  then  see 
how  the  formula  agrees  with  the  observations.  For  con- 
venience sake  the  formula  may  be  written  thus  — 


This  form  is  used  in  the  next  example. 
Example.  — 
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34-7 

•6924 
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2-2788 

7-5615 

•00364 

•00364 

5 
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•582 
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9-7649 
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7-5831 

•00383 

•00382 

6 

26 

•4877 

123 

9-6881 

1-0899 

7  5982 

•00396 

•00396 

7 

21 

•3839 

87 

9-5842 

1-9395 

7-6447 

•00441 

•00413 

8 

17 

•3057 

71 

9-4853 

1-8513 

7-6340 

•00431 

•00425 

Here  a  and  b  are  calculated  from  experiments  4  and  6, 
a=  +  -00472,  b=  -  '00156.  This  example  shows  us  that 
Frolich's  law  is  only  approximately  fulfilled. 

124.  Study  of  the  Electro-magnetic  behaviour  of  Iron. — An 
arrangement  of  apparatus  similar  to  that  now  described 
may  be  employed  for  studying  the  law  of  variation  of  the 
magnetic  moment  of  the  iron  core  produced  by  change  of 
the  magnetising  current.  The  helix  Ex  used  for  magnetis- 
ing should  be  longer  than  the  iron  placed  within  it,  its 
length  being  so  great  in  comparison  to  that  of  the  latter 
that  the  region  where  the  iron  is  placed  may  be  regarded 
as  a  field  of  uniform  force.  The  experiment  will  consist 
of  two  parts  :  (1.)  With  no  iron  inside  Ex  the  deflection 
resulting  from  currents  of  different  intensity  is  observed. 
These  deflections  will  result  from  the  magnetic  effect  of 
the  coil  alone.  (2.)  The  iron  is  now  placed  inside  Ex  and 
a  second  set  of  observations  taken  with  the  same  series  of 
currents  previously  used.  This  will  give  core  and  coil,  and 
the  difference  between  the  readings  now  and  those  with 
the  coil  alone  may  be  taken  to  represent  the  effect  due  to 
the  core  alone.  A  curve  should  now  be  plotted  with  the 
deflections  produced  by  the  core  alone  as  ordinates,  and 
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those  by  the  coil  alone  as  abscissae.  The  latter  give  the 
currents  and  the  former  the  magnetic  moments  produced 
by  the  currents.  In  experiments  of  this  nature  the 
student  will  find  that  when  the  current  is  broken,  the  iron 
being  within  the  coil,  the  needle  does  not  return  to  its 
position  of  rest.  This  is  due  to  residual  magnetism.  It  will 
be  interesting  to  plot  curves  showing  how  the  amount  of  the 
residual  magnetism  is  connected  with  strength  of  current. 
The  difference  between  the  total  and  the  residual  magnetism 
is  the  temporary  magnetism,  and  a  curve  should  likewise  be 
plotted  showing  how  it  varies  with  the  current.1 

125.  Intensity  of  Magnetisation.  —  If  we  divide  the  moment 
of  a  magnet  by  its  volume  we  obtain  the  intensity  of 
magnetisation  per  unit  volume,  or  if  the  moment 
be  divided  by  the  mass  we  obtain  the  intensity  of 
magnetisation  per  unit  mass.  The  units  should  be 
expressed  in  the  C.  G.  S.  system.  To  determine  the 
moment  M,  the  formula  for  the  A  position  of  Gauss  (see 
p.  31)  must  be  used,  namely, 


where  H  is  the  horizontal  intensity  of  the  earth's  magnet- 
ism at  the  place  of  the  magnetometer,  while 

d  =  distance  from  the  centre  of  the  magnet  to  that  of  the  magnet- 

ometer needle. 

Z  =  half  the  length  of  the  magnet 
a  =  angle  of  deflection  of  the  magnetometer  needle. 

Tan  a  must  be  obtained  from  the  scale  reading  S.     Now 

tan  2a  =  - 
L 


1  These  curves  should  be  compared  with  the  theoretical  ones 
deduced  by  Weber  and  Clerk  Maxwell  (see  Maxwell's  Electricity  and 
Magnetism,,  vol.  ii.  chap,  vi.) 
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(see  Vol.  I.  p.  55),  where  L  is  the  distance  of  the  mag- 
netometer needle  from  the  scale.     But  for  small  angles 

tan  a  =  %  tan  2a, 
hence 


126.  Value  of  Magnetising  Force.  —  To  find  the  intensity 
of  the  field  inside  the  helix,  we  use  the  equation  (3),  p.  334, 

.....     (2) 

The  value  of  C  must  be  obtained  in  C.  G.  S.  units.  When 
curves  are  plotted  as  suggested  in  Art.  124,  the  moments 
and  magnetising  forces  should  be  expressed  in  C.  G.  S. 
units  by  means  of  the  above  formula  (1)  and  (2).1 

127.  Lifting  Power  of  Electro-magnets.  —  In  many  cases 
it  is  not  so  much  the  moment  of  a  magnet  that  we  desire 
to  know  as  its  lifting  power.     To  determine  this  it  will  be 
necessary  to  have  some  kind  of  balance  adapted  for  mea- 
suring the  maximum  weight  which  the  magnet  is  capable 
of  supporting.     The  balance  must  be  arranged  so  that  its 
load  may  gradually  be  increased. 

In  Fig.  159  a  spring  balance  S  adapted  to  this  purpose 
is  exhibited.  The  wheel  c  is  mounted  so  that  when  it  is 
turned  the  cord,  passing  over  the  pulleys  a  and  6,  is  wound 
upon  it,  thus  causing  the  armature  A  that  is  fastened  to  the 
bottom  of  the  spring  S  to  be  detached  from  the  electro- 
magnet E  when  the  force  becomes  sufficient.  The  reading 
of  the  index  at  the  moment  of  separation  from  the  balance 
is  taken.  An  india-rubber  cork  r  is  fixed  to  an  arm  on  the 
stand  in  order  to  receive  and  lessen  the  shock  of  the  recoil 
caused  by  the  separation. 

1  For  an  example,  see  J.  W.  Gemmell  on  the  "Magnetisation  of 
Steel,  Cast-iron,  and  Soft-iron,"  Proc.  Roy.  Soc.,  vol.  xxxix.  p.  374. 


VII.] 


ELECTRO-MAGNETISM. 


341 


A  balance  on  the  lever  principle  gives  a  much  greater 
range  than  a  spring  balance.  The  gradual  increase  of  the 
load  may  be  obtained  by  using  a  slow  stream  of  water,  or 
by  adopting  the  arrangement  of  Fig.  160,  where  the 
weight  W,  a  brass  bucket  containing  shot  hanging  from 
the  carriage  C,  is  drawn  along  the  lever  by  the  slender 


Fig.  159.— DETERMINATION  OF  LIFTING  POWER  BY  SPRING  BALANCE. 

cord  c,  which  passes  over  the  pulley  a  and  is  wound 
on  the  pulley  b.  In  using  this  balance  the  weight  W  is 
placed  near  O  to  begin  with,  and  there  balanced  by  ad- 
justing the  load  contained  in  the  bucket  W.  To  aid  in 
doing  this  accurately  a  pointer  p  is  attached  to  the  end  of 
the  lever  arm,  and  the  end  of  this  pointer  oscillates  in 
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front  of  a  mirror  m  provided  with  graduation  marks.  The 
weight  W  is  then  moved  several  large  divisions  along  the 
graduated  lever  arm,  and  the  weight  W  increased  until 
balance  is  again  obtained.  From  the  known  weight  added 
the  value  of  a  division  in  grammes  may  be  ascertained.  By 
changing  the  weight  of  W  the  value  of  a  division  may  be 
altered  at  pleasure,  and  the  balance  may  be  thus  made  to 
suit  itself  to  a  considerable  ransre  of  values.  To  the 


m 


Fig.  160.— TESTING  ELECTRO-MAGNETS  BY  LEVER  BALANCE. 

bottom  of  W  an  armature  may  be  attached,  or  a  small 
sphere  r  of  iron,  either  of  which  is  placed  in  contact  with 
the  end  of  the  magnet  when  both  W  and  p  are  at  their  zero 
positions.  To  secure  the  last  condition  the  bucket  W  may 
be  raised  or  lowered  by  aid  of  the  screw  s. 

In  Fig.  160  three  electro-magnets  are  shown  that  have 
been  wound  with  the  same  quantity  of  wire,  but  differently 
disposed  in  each.  In  (1)  the  wire  is  hooped  towards  the 
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middle ;  in  (2),  the  one  shown  in  Fig.  160  as  being  tested, 
it  is  hooped  towards  the  ends;  and  in  (3)  it  is  wound 
regularly. 

No  great  value  can  be  attached  to  experiments  relating 
to  lifting  power,  the  sources  of  variation  being  numerous. 
Much  will  depend  upon  the  shape  of  the  end  of  the  magnet 
and  of  the  armature,  on  the  closeness  with  which  their  sur- 
faces are  brought  into  contact,  on  the  time  during  which 
the  current  circulates,  and  on  other  causes.  The  measure- 
ments will  further  be  complicated  by  the  phenomenon  of 
residual  magnetism  when  the  core  has  not  been  made  of 
the  very  softest  iron  which  can  be  procured. 


PART  II. — ELECTRO-MAGNETIC  INDUCTION. 

128.  This  section  will  fall  under  three  heads : — 

(A.)  Fundamental    Experiments    relating    to    Electro- 
Magnetic  Induction. 

(B.)  Application  of  to  Various  Measurements. 
(C.)  Measurements  of  Coefficients  of  Induction. 

(A.)  Fundamental  Experiments. 

LESSON  LX. — Induction  Experiments — Series  I. 

129.  Apparatus. — (1.)  A  reel  2  inches  long  and  2  inches 
in  diameter  at  its  ends,  has  wound  upon  it  continuously  and 
in  the  same  direction  twelve  layers  of  covered  copper  wire, 
No.  24  B.  W.  G.     Forty  turns  of  wire  go  to  each  layer. 
The   ends  of  the  wire  are  connected  with  two  binding 
screws,  and  the  coil  is  mounted  on  a  base  board  (see  S, 
Fig.  161).      This  is  the  secondary  coil.     There  is  also  a 
smaller  reel  P,  provided  with  a  handle  and  two  binding 
screws,  and  upon  this  are  wound  eight  layers  of  No.  24 
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covered  copper  wire  with  forty  turns  to  each  layer.  This 
forms  the  primary  coil.  Four  narrow  strips  of  brass  are 
screwed  on  the  outside  of  the  primary  coil,  so  as  to  be 
parallel  to  the  axis.  One  of  the  strips  is  graduated  in 

millimetres.  The  prim- 
ary coil  just  fits  within 
the  secondary,  the  brass 
slips  sliding  in  grooves, 


Fig.  161.—  PRIMARY  AND  SECONDARY  COIL, 


coils 
The 


primary    is 


meanwhile 
hollow 


n 


so  that  the  former  may 
be  drawn  out  to  any  of 

the    positions   marked   Oil 

its  scale,  the  axes  of  the 
the    same    straight    line. 


so    that    iron    wires    may    be 


Pig.  162.— THE  MORSE  KEY. 

The  connections  are  B  to  c,  A  to  c',  C  to  1.  When  K  is  depressed  contact  at  c' 
is  made  and  at  c  is  broken.  The  end  of  the  screw  which  normally  rests  on  c  being 
held  down  by  the  spring  s  is  adjustable  in  order  to  regulate  the  extent  of  the 
' '  play  "  of  the  lever. 

placed  within  it.  These  iron  wires  should  be  of  the 
same  length  as  the  coil  forming  the  primary,  and  should 
be  secured  in  a  fixed  position  symmetrical  with  respect 
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to  the  primary  by  means  of  cork  wedges.  (2.)  Covered 
German -silver  wire,  No.  28,  and  covered  copper  wire, 
No.  20  B.  W.  G.,  will  also  be  required.  (3.)  A  mirror 
galvanometer,  of  which  the  needle  is  not  much  damped, 
and  a  Morse  key  will  likewise  be  necessary.  As  the 
Morse  key  will  be  frequently  used  in  this  section  we  give 
a  figure  of  a  suitable  key  (Fig.  162).  (4.)  A  6-inch  per- 
manent magnet.  (5.)  Finally,  a  battery,  consisting  of 
two  of  Fuller's  bichromate  cells,  arranged  so  that  either 
one  or  two  cells  may  be  used  at  pleasure.  This  may  be 
done  by  means  of  a  switch.  As  this  arrangement  is  useful 
for  many  experiments,  and  may  be  applied  to  any  number 
of  cells,  we  give  in  the  Appendix  a  diagram  exhibiting 
the  connections. 

We  shall  now  describe  a  series  of  experiments  actually 
made  with  the  above  apparatus. 

Experiment  I. — The  primary  was  placed  within  its 
secondary,  no  iron  wire  being  within  the  former,  and  the 


Fig.  163. 


connections  were  made  as  in  Fig.  163  with  two  cells, 
the  binding  screws  A  and  C  of  the  Morse  key  being  used. 
On  pressing  the  Morse  key  a  sudden  deflection  was 
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observed  in  the  galvanometer  of  forty-eight  divisions  to 
the  right.  When  the  spot  of  light  had  come  to  rest  the 
key  was  released,  when  a  deflection  of  forty-seven  divisions 
in  the  opposite  direction  was  observed.  This  experiment 
was  repeated  several  times,  and  the  conclusion  arrived  at 
was  that  the  current  induced  in  the  secondary  coil  on 
making  was  equal  and  opposite  to  that  produced  on 
breaking  the  primary  circuit.  It  was  furthermore  observed 
that  the  induced  currents  were  but  of  short  duration,  no 
permanent  deflection  being  noticeable,  while  the  battery 
circuit  continued  permanently  made. 

Experiment  II. — The  connections  being  as  before,  a 
resistance  box  was  placed  in  the  circuit.  The  Morse  key 
was  pressed  so  as  to  complete  the  circuit,  and  it  was  found 
on  suddenly  varying  the  resistance  that  induced  currents 
were  obtained  when  the  primary  current  was  in  this  manner 
suddenly  varied.  The  induced  currents  were  equal  and  in 
opposite  directions  according  as  the  primary  was  suddenly 
increased  or  diminished.  It  is  thus  shown  that  a  varia- 
tion of  the  primary  current  will  produce  an  induced  current 
in  the  secondary. 

Experiment  III. — Some  soft  iron  wires  were  well  an- 
nealed, and  one  of  them  was  inserted  in  the  primary  coil, 
the  connections  being  otherwise  the  same  as  before.  It 
was  now  found  that  the  induced  current  obtained  on 
making  or  breaking  the  primary  was  increased  so  greatly 
as  almost  to  send  the  spot  of  light  off  the  scale  of  the 
galvanometer.  One  cell  of  the  battery  was  switched  oft' 
and  the  following  observations  were  then  taken  : — 

No.  of  Iron  Wires.         Current  Made.          Current  Broken. 

0  10  9 

1  40  40 

2  76  77 

3  170  165 
.     , 

Experiment  IV. — The   battery   current   being  made,  it 
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was  found  that  induced  effects  were  obtained  when  the 
primary  was  suddenly  withdrawn  from  the  secondary  and 
when  it  was  suddenly  placed  within  the  secondary,  the 
former  corresponding  with  a  breaking  and  the  latter  with 
a  making  of  the  circuit. 

Experiment  V- — The  primary  was  placed  within  the 
secondary,  and  deflections  were  obtained  as  in  the  first 
experiment.  The  primary  was  then  withdrawn  a  few  milli- 
metres at  a  time,  and  observations  were  taken  in  different 
positions.  The  following  results  were  thus  obtained : — 

Position  of  Primary.  Break.  Make. 

Completely  in  secondary  .  50  50 


10  mm.  out  of 

20    „         „ 

40     „ 

Completely  withdrawn 


40  38 

27  27 

17 
5 


Experiment  VI. — The  primary  was  placed  so  as  to  be  on 
the  outside  of  the  secondary,  with  its  axis  parallel  to  that 
of  the  secondary.  On  making  or  breaking  a  deflection  of 
four  divisions  was  obtained. 

The  axis  of  the  primary  was  then  turned  so  as  to  be  at 
right  angles  to  that  of  the  secondary.  In  this  position  no 
effect  whatever  could  be  observed. 

Experime.nt  VII. — A  permanent  magnet  was  substituted 
for  the  primary  circuit,  and  motions  of  this  were  found  to 
produce  phenomena  exactly  similar  to  those  described  as 
resulting  from  similar  motions  of  the  primary  current. 
The  effect  of  moving  the  magnet  in  different  ways  was 
tried,  and  in  all  these  the  magnet  was  found  to  act  just 
as  if  it  were  a  primary  coil  conveying  a  positive  current, 
which  descends  on  the  east  side  and  ascends  on  the  west, 
magnetically  speaking.  Finally,  the  magnet  was  dropped 
right  through  the  secondary  coil,  and  it  was  observed  that 
the  spot  of  light  made  a  sudden  motion  to  the  left,  which 
was  immediately  checked,  and  that  it  then  moved  for  a 
moment  to  the  right,  thus  finally  showing  an  oscillation 
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about  its  previous  position,  without  however  recording  a 
permanent  change  of  place. 


LESSON  LXI.  —  Induction  Experiments  —  Series  II. 

130.  Apparatus.  —  (1.)  In  place  of  the  primary  and 
secondary  coils  of  last  lesson  use 
two  flat  spirals  of  covered  copper 
wire,  No.  24  B.  W.  G.,  each  having 
about  seventy  turns  —  the  outside 
diameter  being  4  inches,  and  with  a 
hole  in  the  middle.  They  must  be 
mounted  on  thin  boards  provided 
with  binding  screws  (see  Fig.  164). 
(2.)  Discs  of  cardboard,  copper,  iron, 
and  zinc  of  the  same  thickness  and 
size,  say  5  inches  in  diameter  and  •£$ 
inch  thick.  (3.)  An  electro  -magnet, 
copper  and  German  -silver  wire  as  in  last  lesson.  (4.) 
Battery,  galvanometer,  and  their  accessories,  as  in  last 
lesson. 

Experiment  I.  —  The  flat  spirals  were  laid  face  to  face,  the 
disc  of  cardboard  being  between  them.  One  was  connected 
with  the  battery,  serving  as  the  primary,  and  the  other 
with  the  galvanometer,  serving  as  the  secondary  circuit. 
An  induced  current  was  obtained  after  the  manner  already 
described.  The  cardboard  was  then  replaced  by  other 
substances,  and  the  amount  of  induced  current  noted  in 
each  case  as  shown  below  :  — 


Fig.  164. 
FLAT  SPIRAL. 


Substance  between  Spirals. 
Cardboard 
Zinc 

Copper     .     •    . 
Iron 


Break. 
175 
174 
175 


Make. 

174 

175 

175 

70 


Experiment  II. — Two    flat    spirals,    each    of    the    same 
number  of  turns,  were  made,  one  of  No.  28  B.  W.  G.  silk- 
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covered  copper  wire,  and  the  other  of  No.  25  silk-covered 
German-silver  wire.  The  number  of  turns  in  each  coil  was 
thirty-three.  The  spiral  made  of  the  thicker  wire  was  4  inches 
in  diameter,  and  that  made  of  the  thinner  wire  2J  inches. 
Each  had  a  central  aperture  of  one  inch.  They  were  con- 
nected in  series  to  the  galvanometer,  so  that  both  formed 
part  of  the  same  circuit.  The  spirals  were  placed  the  one 
on  the  top  of  the  other — the  direction  of  winding  and  of 
the  current  being  the  same  in  both.  A  magnet  was  thrust 
through  the  central  aperture  of  the  spirals,  and  a  large 
deflection  was  obtained.  One  of  the  spirals  was  then  turned, 
so  that  the  direction  of  winding  in  the  one  spiral  was 
opposed  to  that  in  the  other.  No  induced  current  could 
now  be  obtained.  This  shows  that  under  these  circum- 
stances the  currents  induced  by  the  two  spirals  in  the 
compound  circuit  embracing  both  were  equal  and  opposite, 
although  the  nature  of  the  conducting  material  and  the 
area  of  the  spiral  were  different  in  each. 

Experiment  III. — The  importance  of  this  result  justi- 
fied a  more  searching  trial  after  the  manner  described  by 
Faraday  in  his  Experimental  Researclies  (First  Series,  p.  195). 
A  German  silver  and  a  copper  wire  of  the  same  length 
but  of  different  thicknesses  were  fastened  together  at 
one  end.  The  two  wires  were  then  twisted  together  and 
wound  on  a  reel.  The  two  free  ends  were  connected 
with  a  galvanometer,  made  as  delicate  as  possible.  The 
reel  was  then  placed  on  one  of  the  poles  of  an  electro- 
magnet that  was  so  far  away  as  not  to  affect  the  galvan- 
ometer. On  putting  on  the  battery  power,  so  as  to  make 
the  pole  strongly  magnetic,  no  induced  current  whatever 
was  obtained. 

LESSON  LXIL — Induction  Experiments — Series  III. 

131.  Apparatus. — In  addition  to  the  apparatus  men- 
tioned in  the  previous  lessons,  we  require  two  other 
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similar  secondary  coils  and  two  other  similar  primary  coils. 
By  similar  we  mean  of  exactly  the  same  size  and  similarly 
wound  with  equal  quantities  of  the  same  kind  of  wire. 

Experiment  I. — Let  us  now  make  use  of  several  zero 
methods,  such  as  those  used  by  Professor  Felici  of 
Pisa.1  Let  us  attempt  to  show  that  the  induction  of  a 
given  current  in  the  primary  on  the  secondary  is  equal  to  that 
of  the  same  current  in  the  secondary  on  the  primary.  Connec- 
tions were  made  as  in  Fig.  165,  where  P1?  P2  are  two 
primaries,  and  Sp  S2  two  secondaries.  The  current  is 


Fig.  165. 

supposed  to  pass  in  opposite  directions  round  the  two 
primaries,  so  that  the  induction  currents  produced  in  the 
secondaries  are  equal  and  opposite,  and  hence  the  galvan- 
ometer will  remain  at  rest.  If  on  pressing  the  key  a 
deflection  should  be  obtained,  one  of  the  primaries  must  be 
pulled  out  a  little  distance  until  an  exact  balance  is  pro- 
cured. Had  the  coils  been  exactly  similar  this  adjustment 
would  of  course  have  been  unnecessary. 

1  See  Clerk  Maxwell's  Electricity  and  Magnetism,  vol.  ii.  p.  169  ; 
also  Jamin,  Cours  de  Physique,  iv.  p.  153,  and  the  references  given 
there. 
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The  direction  of  the  currents  in  Fig.  165  being  retained, 
the  connections  were  next  altered  in  such  a  manner  that 
while  the  primary  current  circulated  in  Px  and  the  second- 
ary in  Sv  as  before,  yet  in  the  right-hand  coil  we  had  the 
primary  circulating  in  S2  and  the  secondary  in  Py  Of 
course  it  was  only  the  secondary  current  which  passed 
through  the  galvanometer.  No  deflection  was  obtained  on 
pressing  the  key. 

This  experiment  shows  us,  therefore,  that  the  action  of 
Pj  on  Sj  is  equivalent  to  that  of  S2  on  P2,  these  two 
actions  producing  currents  which  pass  towards  the  gal- 
vanometer, but  which  exactly  balance  each  other.  Now 
the  previous  experiment  showed  us  that  the  action  of 
Pj  on  Sj  is  equivalent  to  that  of  P2  on  S2,  and  hence  it 
follows  that  the  action  of  P0  on  S2  is  equivalent  to  that  of 
S2  on  P2  (since  both  are  equivalent  to  that  of  Pl  on  Sj). 
Thus  the  proposition  is  proved. 

Experiment  II. — Let  us  now  attempt  to  show  that  the 
electromotive  force  of  induction  is  proportional  to  the  inducing 
current.  For  this  purpose  two  additional  coils,  P3  and  S3, 
exactly  similar  to  the  others  in  construction,  were  obtained. 
They  were  tested  against  Pl  and  Sj  and  also  P2  and  S2  by 
the  method  of  Experiment  I.  It  was  thus  shown  that 
the  action  of  Pj  on  Sj  is  equal  to  that  of  P0  on  S.,,  as  also 
to  that  of  P3  on  S3. 

Connections  were  then  made  as  in  Fig.  166,  and  on 
closing  the  battery  circuit  no  deflection  was  noticeable  in 
the  galvanometer. 

Since  the  coils  P2  and  P3,  S2  and  S3  are  alike,  it  follows 
that  the  resistance  of  P2  is  equal  to  that  of  P3,  and  there- 
fore the  current  Cj  circulating  in  Pl  will  divide  itself 
exactly  equally  between  P2  and  P3,  giving  a  current  =  £Cj 
in  each.  But  since  no  deflection  was  obtained  the  effect 
of  JCj  in  P2  and  P3  must  have  been  to  produce  an  induced 
current  in  S2  and  S3,  each  of  only  half  the  strength  of  that 
produced  in  Sj  by  the  current  of  whole  strength  in  P?. 
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In  a  similar  manner  it  could  be  shown,  by  using  a 
number  of  additional  primaries  and  secondaries,  that  gene- 
rally the  inductive  effect  is  proportional  to  the  strength 
of  the  inducing  current 

We  could  likewise  show  by  a  zero  method  that  the 
electromotive  force  induced  in  a  coil  of  n  windings  by  a  current 
in  a  coil  of  m  windings  is  proportional  to  the  product  mn.  We 
shall,  however,  employ  instead  a  quantitative  method. 


Fig.  106. 


LESSON  LXIII. — Induction  Experiments — Series  IV. 

132.  Apparatus. — We  shall  require  two  additional  coils, 
each  wound  with  twelve  separate  layers  of  wire.  These 
coils  must  be  identical  in  every  respect.  Fig.  157  exhibits 
one  of  these  mounted  on  a  base  board,  which  is  provided 
with  thirteen  binding  screws.  The  ends  of  each  of  the 
separate  layers  are  connected  with  the  binding  screws  in  the 
manner  indicated  in  Fig.  167,  where  the  binding  screws 
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are  numbered  1-13  and  the  separate  layers  I-XII.  Here 
the  ends  of  the  first  layer  No.  I.  are  connected  with  the 
binding  screws  1  and  2,  the  ends  of  No.  II.  with  2  and  3, 
and  so  on.  This  arrangement  enables  any  number  of  the 
layers  to  be  put  in  circuit  at  the  same  time.  Also  these 
twelve  layers  may  either  be  made  to  form  primaries  or 
secondaries  at  will.  Battery,  galvanometer,  key,  etc.,  will 
be  likewise  necessary. 


Fig.  167. 

Method. — In  the  first  place,  connections  must  be  com- 
peted as  shown  in  Fig.  167.     Here  are  exhibited  plans 
the  two  experimental  coils — that  on  the  right  we  shall 
11  the  induction  coil,  and  that  on  the  left  the  compensating 
Distance  coil.     The  object  of  the  latter  is  to  ensure  that 
same  resistance  shall  always  be  in  the  battery  circuit 
lite  independently  of  the  number  of  primary  coils  that 
in  circuit.     In  the  diagram  eleven  coils  of  the  com 
msating  coil  and  one   coil  of  the  induction  coil  are  in 
VOL.  II.  2  A 
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circuit  with  the  battery,  making  twelve  in  all.  Had  there 
been  two  coils  of  the  latter  there  would  have  been  ten  coils 
of  the  former,  in  order  to  make  the  total  number  twelve  as 
before.  Should  this  latter  arrangement  be  desired  the  end 
of  the  wire  passing  to  binding  screw  2  of  the  induction 
coil  must  be  moved  to  the  binding  screw  3,  and  the  end 
of  the  wire  at  2  of  the  compensating  coil  moved  to  3. 
Twelve  coils  will  be  now,  as  before,  in  the  battery  circuit, 
for  we  have  merely  substituted  the  layer  II.  of  one  coil 
for  the  layer  II.  of  the  other,  which  have  both  the  same 
resistance.  If  three  coils  of  the  induction  coil  are  required, 
the  ends  of  the  wires  at  3  in  both  coils  are  moved  to  4, 
and  so  on.  These  layers  of  the  induction  coil  form  the  i 
primary  coil.  The  secondary  coil  shown  in  the  diagram 
consists  of  eight  layers  (V.-XIL),  which  are  connected  with 
the  galvanometer. 

The  method  consists  simply  in  varying  the  number  of 
layers  in  the  primary  and  secondary,  and  noticing  the 
deflections  produced  in  the  galvanometer  needle  when 
contact  is  made  or  broken. 

Example. — 


Primary. 

Secondary. 

Deflec- 

D 

Layer. 

No.  of 
Layers. 

Layers. 

No.  of 
Layers. 

tion 

=  D. 

m  x  n. 

m  x  ?i 

L 

1 

VII-XII. 

6 

47 

Q 

7-833 

I.  and  II. 

2 

6 

94     i     12 

7  '833 

L,  II.,  and  II  I. 

3 

J 

6      i  141     i     18 

7  '833 

L,  II.,  III.,  and  IV. 

4 

" 

6 

187 

24 

7792 

Here  the  secondary  coil  has  been  kept  constant.  Had  we 
wished  to  vary  the  number  of  layers  n  forming  the  second- 
ary, we  should  strictly  have  had  to  introduce  a  variable 
portion  of  the  compensating  resistance  coil,,  so  as  to  make 
the  resistance  of  the  galvanometer  circuit  always  constant. 
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This,  however,  would  be  unnecessary  if  the  resistance  in 
the  galvanometer  were  so  high  that  but  little  variation  in 
the  total. resistance  would  be  produced  by  altering  n.1 

133.  The   arrangement    of    two    primaries    and    two 
secondaries  described  in  Fig.  165  constitutes  an  Induc- 
tion Balance,  and  may  be  used  in  studying  the  inductive 
effect  of  various  metals  placed  within  P/or  P2. 

It  was  first  employed  by  Dove  for  this  purpose.2 
Hughes,  by  the  application  of  the  telephone,  has  produced 
an  instrument  of  this  kind  of  extreme  delicacy. 

LESSON  LXIV. — The  Induction  Balance  of  Hughes. 

134.  Apparatus. — An  induction  balance  of  the  ordinary 
pattern.     It  consists  of  two  primary  coils  fixed  on  a  base- 
board 34  cm.  apart.     Above  them  are  the  two  secondaries. 
An  adjusting  screw  of  ivory  permits  one  of  the  secondaries 
to  have  its  distance  from  its  primary  changed.     The  instru- 
ment is  constructed  as  much  as  possible  of  wood  and  non- 
metallic    materials.       Two   wooden    cups   fit    within   the 
secondaries  for  the  reception  of  the  metals  to  be  tested, 
which  are  in  the  form  of  discs  of  the  same  diameter  and 
thickness.     One  of  the  cups  may  be  replaced  by  a  wedge- 
shaped  rod  of  zinc  provided  with  a  millimetre  scale.     By 
.sliding  the  wedge  more  or  less  over  the  top  of  the  second- 
;ary  the  inductive  effect  of  the  metal  in  the  other  cup  may 
be  balanced,  and  its  value  in  divisions  of  the  scale  read  off. 

The  primary  coils  are  connected  in  series  with  a  battery 
of  three  Daniell's  cells  and  an  interrupter.      The  latter 
insists  of  a  piece  of  clockwork  rotating  a  cogged  wheel, 

The  proposition  contained  in  this  lesson  may  also  be  proved  for 
_rneto-induction  by  substituting  for  the  battery  and  primary  coil 
ermanent  magnet  after  the  manner  of  Lenz  (see  Art.  "  Electricity," 
y.  Brit.,  p.  77),  a  compensating  coil  being  used  in  the  galvanometer 
_uit. 
2  See  De  La  Rive,  Electricity,  vol.  i.  p.  425. 
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against  the  teeth  of  which  there  presses  a  metal  tongue. 
The  wheel  and  tongue  being  in  circuit,  as  the  former 
revolves,  the  current  will  be  repeatedly  interrupted.  When 
the  wooden  cups  are  free  from  metal  no  noise  should  be 
heard  in  the  telephone  (which,  in  this  instrument,  is  placed 
in  the  secondary  circuit),  provided  the  adjustment  of  the 
coils  by  the  ivory  screw  is  exact.  Supposing  that  this 
adjustment  has  been  secured,  the  following  experiments 
should  be  made  : — 

Experiment  I. — Test  the  sensitiveness  of  the  arrange- 
ment by  placing  in  one  of  the  cups  a  very  small  piece  of 
copper  wire.  A  piece  weighing  not  more  than  a  milli- 
gramme ought  to  disturb  the  balance  and  cause  a  sound 
in  the  telephone.  Coins  of  the  same  value  placed  in  the 
cups  should,  as  a  rule,  show  a  difference.  If  the  arrange- 
ment is  not  sufficiently  delicate  the  telephone  should  be 
re-adjusted  or  the  battery  power  increased. 

Experiment  II. — Test  discs  of  different  metals  against 
the  zinc  wedge,  and  note  the  reading  on  the  scale  attached 
to  the  wedge. 

Experiment  III. — Make  a  flat  spiral  of  copper  wire  with 
its  terminal  wires  unconnected,  and  show  that  there  is  no 
disturbance  of  the  balance  as  long  as  the  circuit  of  the 
spiral  remains  open,  when  the  plane  in  which  the  spiral 
lies  is  parallel  to  the  coils. 

Experiment  IV.  —  Show  that  discs  of  non- magnetic 
metals  do  not  sensibly  disturb  the  balance  when  placed 
with  their  plane  at  right  angles  to  the  coils.  With  mag- 
netic metals  the  contrary  will  be  found  to  be  the  case. 
The  instrument  thus  furnishes  a  means  of  distinguishing 
between  these  two  classes  of  conductors. 

Experiment  V. — Place  the  same  disc  at  different  depths 
within  one  of  the  secondary  coils,  and  find  the  position  of 
maximum  effect. 

Experiment  VI. — Notice  that  the  sounds  in  the  tele- 
phone produced  by  the  different  materials  are  not  of  the 


vii.]  ELECTRO-MAGNETIC  INDUCTION.  357 

same  character ;  thus  iron  gives  out  a  "  heavy,  smothered 
tone,"  whilst  hard  steel  has  tones  "  exceedingly  sharp." 

135.  The    treatment    of  the  theory   of  the  induction 
balance  is  beyond  the   scope  of  this  work.     Further  in- 
formation  respecting   it  will  be  found  in   the  following 
memoirs: — "Induction    Balance    and    Experimental   Re- 
searches therewith,"  by  Professor  D.  E.  Hughes,  Pro.  Phys. 
Soc.,  London,  vol.  iii.  p.  81 ;  "On  Intermittent  Currents  and 
the  Theory  of  the  Induction  Balance,"  by  Oliver  J.  Lodge, 
Pro.  Phys.  Soc.,  London,  vol.  iii.  p.  187;  "On  the  Gradua- 
tion of  the  Sonometer,"  by  J.  H.  Poynting,  Pro.  Phys.  Soc., 
London,  vol.  iii.  p.  169;  "Molecular  Electro-Magnetic  In- 
duction," by  D.  E.  Hughes,  Pro.  Roy.  Soc.,  1881,  vol.  xxxi. 
p.  525. 

136.  We  proceed  now  to  describe  a  series  of  experiments 
in  illustration  of  the  action  of  a  current  on  itself,  known  as 
Self-induction. 

LESSON  LXV. — Experiments  on  Self-induction. 

137.  Apparatus. — An    electro-magnet   with   removable 
core,  such  as  that  of  Fig.  157  ;  a  galvanoscope  or  galvan- 
ometer differentially  wound.      Fig. 

168  shows  a  suitable  instrument. 
It  has  a  pivoted  needle  with  a 
pointer  fixed  at  right  angles  to  it, 
the  end  of  which  is  seen  in  the 
figure.  By  means  of  a  metal  pin 
the  movement  of  the  pointer  may 
be  limited  as  desired.  A  key  will 
likewise  be  necessary  (a  mercury-cup  key  being  preferred), 
also  a  battery,  such  as  Grove's,  a  box  of  coils,  and  Wheat- 
stone's  bridge  apparatus. 

Experiment  I. — Make  a  circuit  (Fig.  169)  containing  in 
series  the  battery,  the  key  K,  and  the  coil  of  the  electro- 
magnet CD  without  its  core.  Notice  that  when  the  circuit 
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is  made  there  is  scarcely  any  spark  at  the  contact  place  of 
the  key ;  but  on  the  other  hand,  when  the  circuit  is  broken, 
there  is  a  brilliant  spark.  Try  coils  wound  with  different 
numbers  of  turns  of  wire. 

Experiment  IL  (Jenkin1). — Place  a  moistened  finger  of 
one  hand  on  the  bare  wire  at  A,  and  a  moistened  finger  of 
the  other  hand  on  the  bare  wire  at  B,  that  is  to  say,  on 
opposite  sides  of  the  contact  place.  Break  and  make  con- 
tact. On  breaking  contact  a  smart  shock  should  be  felt. 
For  this  experiment  to  succeed  well  the  coil  should  consist 
of  a  large  number  of  turns  of  wire. 


K 


C  D 

Fig.  169.— JENKIN'S  EXPERIMENT. 


Fig.  170.— FARADAY'S  EXPERIMENT. 


Experiment  III. — Repeat  Experiments  I.  and  II.,  but 
insert  the  core  within  the  coil.  The  effects  will  now  be 
much  stronger. 

Experiment  IF.  (Faraday1). — Arrange,  as  in  Fig.  170, 
a  cross-circuit  be,  in  which  the  galvanometer  G  is  placed. 
On  making  contact  the  current  will  split  itself  between  the 
paths  eb  and  dc,  and  in  consequence  the  galvanometer 
needle  will  be  deflected,  say  to  the  right.  Now  place  a 
stop-pin  to  the  right  of  the  pointer,  so  as  to  keep  it  at  zero, 
and  prevent  it  from  travelling  to  the  right  while  the  current 
is  passing.  Then  raise  the  key,  thus  breaking  contact, 
when  there  will  be  a  sudden  and  momentary  deflection  to 

1  See  Faraday's  Experimental  Researches  in  Electricity,  Series  ix. 
vol.  i.  The  student  is  strongly  recommended  to  read  the  Researches 
bearing  on  the  induction  of  currents. 
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the  left,  due  to  the  current  of  induction  produced  in  E 
when  the  main  current  was  broken.  This  induced  current 
is  in  the  same  direction  as  the  main  current,  and  will  travel 
in  the  lower  part  of  the  circuit  in  the  same  direction  as 
the  main  current,  but  it  will  complete  itself  by  passing 
through  the  galvanometer  branch  eb  in  a  direction  the 
opposite  to  that  of  the  main  current,  and  hence  the  gal- 
vanometer deflection  will  be  the  opposite  of  that  which  the 
original  current  produced. 

The  induced  current  formed  when  a  circuit  is  broken  is 
called  the  direct  extra  current. 

Experiment  V.  (Faraday). — With  the  same  connections 
as  before,  but  with  a  current  just  strong  enough  to  allow 
the  permanent  deflection  to  the  right  to  be  readable,  place 
a  stop-pin  to  prevent  the  pointer  from  returning  to  zero. 
Break  and  then  remake  contact,  when  the  pointer  will 
be  suddenly  deflected  farther  to  the  right.  Here  the 
current  from  e  to  b  is  inoperative,  since  the  pointer  is  at 
the  place  of  maximum  deflection  that  would  be  produced 
by  its  means,  hence  the  increased  deflection  can  only  be 
due  to  an  induced  current  opposite  in  direction  to  the  main 
current,  and  which,  originating  in  the  lower  half  of  the 
circuit,  travels  through  the  galvanometer  wire  in  the  same 
direction  as  the  main  current. 

Experiment  VI.  (Edlund). — The  galvanometer,  which 
we  must  now  use  as  a  differential  instrument,  permits 
the  extra  currents  to  be  studied  more  easily  than  can 
be  done  by  the  preceding  methods.  Make  connections 
as  in  Fig.  78,  where  R  is  a  box  of  coils  and  x  the  electro- 
magnet. Balance  R  against  x,  when  it  will  be  found 
that  if  the  key  be  raised  or  lowered  the  equilibrium 
will  be  momentarily  disturbed,  the  needle  being  sharply 
deflected  in  the  one  case  to  the  right  and  in  the  other  to 
the  left.  The  effect  is  due  to  the  self-induction  of  x  alone, 
for  R  is  composed  of  coils  wound  double,  which  prevents 
the  formation  of  induced  currents.  That  this  will  do  so 


SCO  PRACTICAL  PHYSICS.  [en. 

will  be  clearly  seen  if  we  reflect  that  the  action  of  a  coil 
in  producing  an  extra  current  is  due  to  the  fact  that 
it  is  composed  of  a  great  number  of  convolutions,  in  each 
of  which  the  main  current  circulates  in  the  same  direction. 
If  therefore  we  double  the  coil  upon  itself  in  such  a 
manner  that  two  neighbouring  convolutions  convey  cur- 
rents, which  circulate  in  opposite  directions,  we  destroy 
their  power  of  producing  induced  currents. 

Experiment  VII, — By  balancing  the  coil  whose  self-induc- 
tion has  to  be  investigated  in  a  Wheatstone's  bridge  (see 
p.  136),  and  closing  the  galvanometer  key  B'b  before  the 
key  A'a  is  closed  or  opened,  the  existence  of  the  two  in- 
duced currents  may  likewise  be  shown  in  a  very  convenient 
and  obvious  manner.  It  will  here  be  remembered  that  in 
determining  resistances  by  the  bridge,  attention  was  called 
to  the  necessity  of  closing  the  battery  key  before  the  gal- 
vanometer key,  in  order  to  avoid  the  action  of  induced  cur- 
rents on  the  galvanometer,  which  would  otherwise  lead  the 
observer  astray  in  his  measurements. 


(B.)  Application  of  Electro-Magnetic  Induction  to 
Measurements. 

138.  Measurement  of  Transient  Currents. — The  currents 
produced  by  induction  last  but  a  very  short  time,  and 
hence  they  must  be  measured  in  a  special  manner.  In 
some  of  the  preceding  experiments  we  have  tacitly  assumed 
that  the  strength  of  the  induced  current  is  proportional  to 
the  amplitude  of  the  first  swing  of  the  galvanometer.  We 
must  now  proceed  to  justify  this  assumption,  and  explain 
more  exactly  the  method  of  measuring  currents  of  short 
duration. 

(I.)  Let  a  be  the  angle  through  which  the  galvanometer 
needle  is  deflected  by  a  current  of  short  duration,  then 
(Fig.  171),  at  the  instant  when  the  needle  is  at  the  end  of 
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its  swing,  its  north  pole  (of  strength  m)  has  virtually  moved 

against  the  force  Hm  (where  H  is  the  horizontal  magnetic 

intensity)  through  a  distance  nri ;  the 

south    pole    has   likewise   moved    a  A 

similar  distance,  and  hence  the  whole 

work  done  by  the  needle  is 

2Hm  x  nn'  =  2Hm  x  1(1  -  cos  o)  =  HM 
(1  -cos  a), 

where  /  is  the  half-length  of  the 
needle  and  M  its  magnetic  moment. 
But  if  we  refer  to  Vol.  I.  p.  243 
we  shall  see  that  the  work  done  may 
likewise  be  expressed  as  =  JIw2,  where 
I  is  the  moment  of  inertia  of  the 
system  with  respect  to  the  axis  of 
rotation  and  w  is  the  angular  velocity 
as  it  passes  its  point  of  rest.  Hence 
we  have 

£Ior  =  HM(l-cosa) 
or 


Fig.  171. 


sin 


(1) 


(II.)  Next,  let  C  be  the  strength  of  the  induced  cur- 
rent, and  T  the  short  time  through  which  it  lasts.  This 
time  may  be  regarded  as  so  short  that  during  the  whole 
passage  of  the  discharge  the  needle  has  not  sensibly  moved. 
If  therefore  the  current  acts  upon  it  by  means  of  a  coil  it 
will  have  its  full  effect  without  any  deduction  on  account 
of  the  changed  position  of  the  needle,  inasmuch  as  this 
change  only  begins  to  develop  itself  after  the  current  has 
ceased  to  act.  By  the  theory  of  the  tangent  galvanometer 
(see  pp.  322-326),  the  moment  of  the  couple  acting  upon 
the  magnet  will  be 

._     2irn     ,_ 
C  x  —  x  M, 
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where  a  is  the  mean  radius  of  the  galvanometer  coils  and 
n  the  number  of  windings. 

This  will  be  equivalent  to  a  force  =  C  x  -^n  x  |J  acting 
at  the  extremities  of  the  radii  of  gyration  (  =  k)  in  each 
half  of  the  needle,  and  lasting  for  the  time  r.  At  these 
two  extremities  the  mass  of  each  of  the  two  half  needles 
may  be  supposed  to  be  concentrated  (Vol.  I.  p.  243),  and 
hence  the  velocity  produced  will  be 

n    2mi    M 

C  x x  T-T  x 


half  mass 
while  the  angular  velocity  will  be 


2-rrn      Mr  2irn  Mr  2ira     N 

W  =       X 

or 


X  -   X  --  -*  X  —  —  --  =C  X  -   X  -  T6  =  C  X  --  X    -»- 

a       2k~     half  mass  a       mass  xk-  a         I 


where  Q  denotes  the  whole  quantity  of  the  induced  current, 
while  F  is  the  true  constant  of  the  galvanometer  (see  p. 
225). 

(III.)  From  (1)  and  (2)  we  have 

MQ  =  «       /HM_._a 
hence 


Let  T  be  the  time  of  a  single  vibration  of  the  magnet, 
then 


(see  Vol.  I.  p.  251);  hence 

2FHT   .    a 
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(IV.)  If  the  deflections  are  taken  by  means  of  a  mirror 
galvanometer,  we  have  (Vol.  I.  p.  55)  tan  2a  =  £,  where  s 
is  the  number  of  scale  divisions,  let  us  say  in  millimetres, 
and  L  the  distance  of  the  mirror  from  the  scale,  also  in 
millimetres.  But  the  deflections  being  small  we  may 
assume  that 

£  tail  2a  = 
also 


Expression  (3)  will  therefore  become 

2FHT   s 
<*=-^T  4L  '        }       '  .  '    <4> 

or  the  transient  current  is  proportional  to  the  amplitude  of 
the  first  swing  expressed  in  scale  divisions. 

139.  The  value  of  T.  —  It  must  be  remembered  that  the 
value  of  T  will  depend  upon  the  moment  of  inertia  and 
the  magnetic  moment  of  the  suspended  magnet,  as  well  as 
on  the  value  of  H.  Now  both  the  magnetic  moment  and 
H  may  vary  —  the  former  on  account  of  the  weakening  of 
the  suspended  magnet,  caused  by  the  demagnetising  in- 
fluence of  the  transient  currents  ;  whilst  the  latter  will 
depend,  amongst  other  things,  upon  the  position  of  the 
directing  magnet  of  the  galvanometer.  Hence  it  is  of 
importance  to  ascertain  T  at  the  commencement  and  like- 
wise at  the  end  of  a  series  of  experiments.  The  method  of 
passages  should  be  employed,  as  described  in  Vol.  I.  p.  186, 
and  the  amplitude  of  vibration  both  at  the  commencement 
and  end  of  the  passages  should  be  noted  in  order  that 
correction  should  be  made  to  an  infinitely  small  arc,  as 
described  in  Chap.  VI.  p.  295.  With  the  mirror  galvan- 
ometer this  correction  is  small,  and  may  be  best  applied  as 
in  the  next  article. 
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14O.  The  corrected  value  Tx  of  T  may,  as  in  p.  294,  be 
written  thus  — 


where  /3  is  the  mean  amplitude  of  the  vibration.     But  with 
the  mirror  galvanometer 

tan  ¥  =  '. 

where  s  and  L  have  the  same  meaning  as  above,  and  with 
sufficient  exactness  for  our  purpose 

.    |8  /3s 

8ini=tan4  =  8L' 
arid  hence 


141.  Effect  of  Damping  —  The  Ballistic  Galvanometer.  — 
The  preceding  investigation  is  based  upon  the  assumption 
that  there  are  no  causes  tending  to  limit  the  extent  of  the 
needle's  deflection  other  than  that  due  to  the  horizontal 
magnetic  couple.  But  there  are  three  distinct  sources  of 
resistance  that  have  not  been  considered,  namely  — 

(1.)  The  resistance  of  the  air. 

(2.)  The  effect  of  the  currents  induced  in  the  metal- 
work  surrounding  the  needle,  which,  in  accordance 
with  Lenz's  law,  tend  to  oppose  the  motion  oT  the 
body  producing  them. 

(3.)  The  viscosity  of  the  suspending  fibre. 

Accordingly,  if  we  wish  to  measure  accurately  a  tran- 
sient current,  these  sources  of  error  must  be  allowed  for  or 
made  so  small  as  to  have  a  negligible  effect.  The  Bal- 
listic Galvanometer  is  an  instrument  adapted  for  measur- 
ing transient  currents.  This  only  differs  from  an  ordinary 
galvanometer  in  possessing  a  heavy  needle,  made  nearly 
spherical.  The  needle  is  made  heavy  in  order  to  make  its 
time  of  vibration  large,  and  it  is  made  spherical  in  order 
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that  the  air  resistance  may  be  a  minimum.  The  first  con- 
dition is  clearly  requisite,  since  we  have  assumed  that  the 
magnet  remains  practically  at  rest  during  the  passage  of 
the  transient  current. 

141  a.  Elementary  Tlieory  of  Damping.  —  In  ordinary 
motions  of  the  needle  we  may  assume  that  the  resisting 
forces  are  simply  proportional  to  the  velocity,  so  that  our 
investigation  is  how  to  determine  the  motion  of  a  body 
under  an  attraction  varying  as  its  distance  from  its  point 
of  rest,  and  a  resisting  force  varying  as  its  velocity.  To 
simplify  this  problem  we  shall  assume  that  the  influence  of 
damping  is  comparatively  small. 

Our  first  remark  will  be  that  a  comparatively  small 
damping  force  will  not  sensibly  affect  the  time  of  vibration* 
For,  let  us  consider  an  oscillation  beginning  from  an 
elongation  at  the  left  =  a,  and  ending  with  one  at  the 
right  =  a,  which  will  be  less  than  a.  Had  there  been 
no  retardation  the  two  elongations  would  of  course  have 
been  equal  to  each  other.  Let  v  denote  the  velocity  as 
the  point  of  rest  was  passed.  Now  divide  each  half 
vibration  into  a  great  number  of  parts,  the  principle  of 
division  being  that  a  small  change  of  velocity  =  ~  has  been 
produced  between  the  beginning  and  end  of  each  part. 

If  we  now  compare  the  damped  vibration  with  another 
starting  from  the  same  point,  which  is  undamped  and  sub- 
ject to  no  retardation,  we  may  easily  perceive  that  the  time 
of  passing  through  each  of  these  divisions  will,  in  the  left- 
hand  half,  be  greater  for  the  damped  than  for  the  undamped 
vibration,  while  in  the  right-hand  half  the  opposite  will 
hold.  The  result  will  be  that  the  time  of  executing 
the  first  half  will  be  greater,  and  that  of  executing  the 
second  half  less  for  the  damped  than  for  the  undamped 
vibration.  On  the  whole,  therefore,  we  may  suppose  the 

1  There  will,  however,  be  a  very  small  increment  in  the  time  of 
vibration,  but  this  will  be  of  the  second  order. 
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one  difference  to  counteract  the  other,  and  conclude  that 
the  whole  time  will  not  be  sensibly  affected. 

Our  next  remark  is  that  the  effect  of  damping  is  to 
diminish  the  amplitude  of  any  vibration  in  a  fixed  propor- 
tion. To  prove  this,  let  there  be  two  undamped  (that 
is  to  say  unresisted)  amplitudes  a  and  i,  and  let  each 
be  divided  into  the  same  great  number  of  equal  parts, 
so  that  one  division  of  a  will  bear  to  one  division  of  b 
the  ratio  of  a  to  b.  Likewise  imagine  both  vibrations 
to  commence  simultaneously  from  the  extreme  left  elon- 
gation. Now  the  time  of  passing  the  first  small  divi- 
sion will  be  the  same  for  both  vibrations,  inasmuch  as 
the  force  (sensibly  constant  through  one  small  division) 
1  of  the  first  will  be  to  that  of  the  second  as  a  is  to  b. 
But  the  spaces  are  likewise  in  the  same  proportion,  and 
hence  the  time  of  describing  the  first  division  will  be 
the  same  for  both,  while  the  velocities  generated  will  be 
to  one  another  as  a  is  to  b.  Thus  the  vibrating  bodies 
will  enter  their  respective  second  divisions  with  these 
relative  velocities,  and  the  forces  in  this  division  are  like- 
wise to  one  another  in  the  same  proportion.  So  that  the 
velocities  with  which  the  vibrating  bodies  enter  their 
respective  second  divisions,  the  forces  they  experience  in 
them,  and  the  lengths  of  the  divisions  being  all  in  the 
same  proportion,  the  time  of  describing  the  second  divi- 
sion will  be  the  same  for  both.  This  result  will  hold  for 
any  other  division,  and  hence,  as  is  well  known,  the  whole 
times  will  be  the  same  for  both. 

Let  us  now  consider  the  resisting  forces  (supposed  small). 
It  is  clear  that  the  velocity  with  which  the  first  system 
enters  any  given  division  will  bear  to  that  with  which  the 
second  system  enters  the  corresponding  division  the  ratio 
of  a  to  &,  the  lengths  of  the  divisions  being  likewise  in  this 
proportion.  Now  the  energy  taken  away  by  the  resistance 
during  a  division  will  be  proportional  to  the  resisting 
force  x  length  of  division,  that  is  to  say,  to  the  velocity  x 
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length  of  division,  since  the  force  is  proportional  to  velo- 
city. Hence  the  energy  taken  from  the  first  system 
in  any  division  or  number  of  divisions,  in  other  words, 
the  whole  loss  of  energy,  will  be  to  that  taken  from  the 
second  system  in  the  ratio  of  a2  to  b*.  Now  the  whole 
energy  of  a  vibration  is  proportional  to  the  square  of  the 
amplitude,  so  that  we  may  represent  the  energy  of  the  two 
vibrations  by  Ka2  and  K62,  while  ma2  and  mb2  may  repre- 
sent the  loss  of  energy  in  each  due  to  damping.  Hence 
the  energy  left  will  be  (K  -  m)a2  and  (K  -  m)b2.  But  we 

may  put  K  -  m  into  the  form  -y  and  hence  the  energy  left 
•11  -L     -r-a2         i   -r-b2 

will  be  K-  and  K-. 
r  p- 

This  will  correspond  to  a  diminished  amplitude  equal 

to  -  and  -  and  hence  it  follows  that  the  successive  ampli- 

'      P          & 

tudes  will  always  be  diminished  in  the  same  proportion. 

Now  let  «j  denote  the  first  amplitude,  then  the  second  will 
be  a2  =  ^,  the  third  a3  =  \  the  nth  an  =  -^y  and  so  on. 

142.  Logarithmic  Decrement.  —  Let  A  denote  the  logarithm 
corresponding  to  the  base  e  of  the  proportional  decrement 
/a,  then  A.  is  termed  the  logarithmic  decrement.  We  have 

already  shown  that  an  =  —j,  and  hence  it  follows  that 


-  (n  -  l)logep. 

Similarly 


Hence 

logeam  -  loge«n  =  (n-  m  )log^  =  (n-  ra)X, 
and  hence 


Theory  shows  that  errors  of  observation  have  the  least 
influence  when  ^  =  e  =  2  '7  18,  or  3  nearly. 

We   can    now  tell  how  much  the   value  of  s  in  the 
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2FHT    s 
equation  Q  =  --  .y-   has  been  diminished  by  damping. 

For  suppose  that  by  means  of  a  series  of  experiments  we 
have  determined  A.  Now  s  does  not  represent  the  true 
amplitude  of  the  induction  kick,  but  the  amplitude  after 
the  damping  has  influenced  it  during  half  a  vibration.  Let 
s0  represent  the  true  amplitude,  hence 

\  =  ^(logeS0-  \OgeS), 

and  hence 


But,  by  the  nature  of  logarithms, 


Now  ^=1+1+^+  etc.,  and  hence  where  a;  is   small 
=  1  +  x,  nearly.      Hence 


and  finally  s0= s(l  +  |X) .         .         .     (3) 

When  great  accuracy  is  required  the  observed  values  of 
the  amplitudes  must  be  reduced  to  numbers  proportional 
to  angular  measure  by  subtracting  ^  (see  Vol.  I.  p.  58), 
where  L  is  the  distance  in  scale  divisions  of  mirror  from 
scale. 

Example  (Kohlrausch). — Middle  division  of  scale  =  500, 
L  =  2600. 


Observed 

S3 

Corrected 

Points  =  t. 

3X2C002- 

Points. 

285 

215 

•5 

285-5 

710 
341-2 

210 
159 

•2 

709-5 
341  -4 

388-1=0! 

662-5 

162 

•2 

662-3 

™V  y  —  ^2 

383-9 
6257 

116 
126 

•1 
•1 

384-0 
625-6 

241-6=0^ 

415-6 

84 

•o 

415-6 

5 
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From  a0  and  <%  \=  £  (log!0424  -  Iog10  278 -3)=  '0610 
,,  „  368 '1  „  241 '6  ='0609 
,,  „  320'9  ,,  210'0=-0614 

Mean  \=  0611 

This  will  be  the  value  of  the  logarithmic  decrement  to 
the  base  10.  To  find  it  to  the  base  e  we  must  multiply 
by  the  modulus  of  the  Napierian  system  of  logarithms. 
Hence 

\,=  -0611x2-3026=  -141. 

143.  The  Ballistic  Galvanometer  in  Practice. — Generally 
speaking,  the  less  a  galvanometer  is  damped  the  more 
tedious  work  with  it  becomes,  and  hence  one  with  a  very 
small  decrement  should,  if  possible,  be  avoided.  For  many 
purposes  the  high  and  low  resistance  galvanometers 
described  in  Chap.  IV.  are  applicable  when  the  directing 
magnet  is  placed  so  as  to  give  a  time  of  vibration  of  about 
five  seconds.  But  for  absolute  measurements  it  would  be 
necessary  to  employ  a  proper  ballistic  galvanometer,  as 
already  described.  To  bring  its  needle  to  rest  a  small  coil 
may  be  employed.  The  coil  is  fixed  at  the  back  of  the 
galvanometer  case,  and  placed  in  the  circuit  of  a  Leclanche 
cell,  provided  with  a  tapper  commutator.  By  pressing 
momentarily  one  or  other  of  the  keys  of  the  commutator 
as  the  needle  passes  its  middle  point,  it  may,  with  a  little 
practice,  be  quickly  brought  to  rest. 

A  difficulty  inseparable  from  the  type  of  reflecting  gal- 
vanometer employed  in  England  is  that  two  observers  are 
required,  the  one  to  read  the  galvanometer  and  the  other 
to  manipulate  some  apparatus,  which,  owing  to  its  magnetic 
effect  on  the  galvanometer,  must  be  kept  at  a  distance. 
The  German  subjective  or  telescopic  system  must  therefore 
be  employed  whenever  only  one  observer  is  available,  the 
observing  telescope  being  placed  sufficiently  far  away  from 
the  galvanometer  (see  Vol.  I.  p.  55). 

VOL.  IT.  2  B 
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LESSON  LXVI — Experiments  on  Damping. 

144.  Apparatus. — A  wooden  box  (Fig.  172)  with  a 
glass  sliding  door  has  suspended  within  it,  from  the  rod  r, 
by  means  of  a  silk  thread,  a  bar  magnet  m,  10  cm.  long, 
1  cm.  thick,  and  1  cm.  broad.  A  hole  is  drilled  in  the 
centre  of  one  of  its  faces  for  the  reception  of  a  hook.  To 
this  hook  is  attached  a  galvanometer  mirror.  Below  the 


Fi£.  172.— MAGNETOMETER  AND  DAMPERS. 

bottom  of  the  box  there  is  a  recess,  within  which  plates  of 
different  metals,  all  of  the  same  superficial  area,  may  be 
introduced.  These  plates  are  of  different  thicknesses,  but 
in  order  to  bring  the  surface  of  the.  metal  to  the  same 
distance  from  the  magnet  the  thinner  plates  are  backed 
with  wood  of  such  a  thickness  that  all  the  plates  just  fit 
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within  the  recess.  The  magnetometer  (for  the  instrument 
is  such  in  reality)  is  provided  with  the  usual  lamp  and 
scale. 

Method. — Set  the  magnet  swinging  without  a  plate 
beneath  it,  in  order  to  ascertain  the  damping  effect  of  the 
air  above.  Calculate  the  logarithmic  decrement,  then  pro- 
ceed likewise  to  ascertain  its  value  when  different  plates 
are  placed  under  the  magnet. 

Example. — Four  plates  of  copper,  whose  thicknesses 
were  in  the  ratio  of  1:2:3:4,  were  employed,  and  a 
brass  plate  was  likewise  used  equal  in  thickness  to  the 
thickest  copper. 


The  following  results  were  obtained : — 


Cause  of 
Damping. 

Air 

Copper  (1)4-  air 
Copper  (2)+ air 
Copper  (3)  +  air 
Copper  (4)+  air 
Brass  +  air 


Logarithmic 
Decrement. 

•001483 

•00359 

•00518 

•00667 

•00851 

•00620 


Time  taken  to  reduce 
Amplitude  from  470  to  250. 

22  min.   13  sec. 


10 
10 
55 
2 
20 


The  logarithmic  decrements  due  to  metal  alone  are 
clearly  to  be  obtained  by  subtracting  from  the  logarithmic 
decrement  due  to  metal  and  air  that  due  to  air  alone. 
This  follows  from  the  nature  of  "  logarithmic  decrement." 
Hence  we  have — 


Copper  (1). 

",       (3)  ' 
(4). 


Log.  Dec. 

•00211  ='00211x1 
•00370  =-00185x2 
•00519  ='00173x3 
•00703  ='00176x4 
•00472 


From  this  we  perceive  that  copper  is  a  better  damper 
than  brass,  and  that  the  logarithmic  decrements  of  the  four 
copper  plates  are  (very  roughly)  proportional  to  their  thick- 
ness, and  hence  to  their  conductivity. 
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LESSON  LXVII.  —  Determination  of  Resistance  by 
the  Damping  Method. 

145.  Apparatus.  —  A  low  resistance  galvanometer  whose 
needle  is  not  much  damped  ;  the  resistances  to  be  com- 
pared. 

Metlwd.—  Let 

Aa  be  the  logarithmic  decrement  when  the  galvanometer 
terminals  are  disconnected.  This  will  give  the 
damping  due  to  air  alone. 

A0  be  the  same  when  the  terminals  are  connected  by  a 
thick  wire  of  negligible  resistance.      Here  the  re- 
sistance RQ  is  that  of  the  galvanometer  alone. 
X  be  the  same  when  the  resistance  K1  is  in  circuit. 
A2  be  the  same  „  „  E2         „ 

Then  observing  that  the  logarithmic  decrement  express- 
ing the  damping  due  to  the  induced  currents  will  be  pro- 
portional to  the  intensities  of  these  currents,  we  shall  have 


hence 

Ifl  =  Vl^l    .X2^_X« 
Pt2      \0  -  ^2      \~  X« 

We  have  therefore  to  observe  the  four  logarithmic  decre- 
ments given  above.  If  Rx  and  R9  are  very  large  Xl  and  A2 
would  be  nearly  equal  to  Aa  and  the  method  would  not 
then  give  accurate  results. 

Example.  —  Xa  =  -0020,  A0  =  -1511,  \  =  -1032,  A9  = 
•0667,  also  R2  =  1  ohm.  Hence 

p  -1  x  "1511  -'1032     -0667  --0020 
"»r        71511-  -0667     -1032-  -0020- 

146.  The  eifect  produced  in  a  coil  by  the  establish- 
ment of  a  magnetic  field  within  it  may  be  regarded  as 
of  the  nature  of  a  transient  E.  M.  F.  Such  a  force  being 
subject  to  Ohm's  law,  will  produce  a  current  which  will 
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be  inversely  proportional  to  the  resistance  of  the  circuit. 
On  this  principle  there  is  based  a  method  of  comparing 
resistances  which  possesses  the  advantage  that  in  the 
extremely  short  time  during  which  the  discharge  lasts  the 
alteration  of  the  resistance  due  to  heating  will  be  very 
small.  An  instrument  adapted  for  comparisons  by  this 
method  is  called  a  Magneto-Inductor. 


LESSON  LXVIII. — Comparison  of  Resistances  by  the 
Magneto-Inductor. 

147.  Apparatus. — In  Fig.  173  we  have  a  convenient 
form  of  this  instrument  suit- 
able for  use  with  a  ballistic 
galvanometer  of  the  type 
used  in  England.  Two  mag- 
nets are  fastened  together, 
with  their  poles  in  the  same 
straight  line,  the  two  north 
poles  being  nearly  in  con- 
tact, and  this  double  mag- 
net is  mounted  in  a  frame- 
work that  is  suspended  after 
the  manner  of  a  pendulum 
by  a  long  metal  strip  from  a 
wooden  support  The  double 
magnet  passes  without  con- 
tact through  the  central  hole 
of  the  bobbin  (fixed  to  the 
wooden  upright,  and  thus 
not  moving  with  the  pen- 
dulum) on  which  a  coil  is 
wound.  The  coil  is  half 

the     length     of    the     double         Fig.I73.—  THE  MAGNETO-INDUCTOR. 

magnet.     At  the  bottom  of 

the  framework  is  a  bob  by  which  the  pendulum  may  be 
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moved  to  and  fro.     A  ballistic  galvanometer  will  also  be 
required. 

Theory  and  Method.  —  It  will  be  observed  that  the  limits 
of  the  motion  of  the  pendulum  are  defined  by  the  fixed 
bobbin  coming  in  contact  with  the  framework  of  the  pen- 
dulum at  either  end.  The  amount  of  oscillation  is  thus 
limited.  Suppose  now  that  the  pendulum  is  suddenly 
pushed  from  the  one  extreme  to  the  other.  During  the 
whole  of  its  course  the  bobbin  is  leaving  the  one  magnet 
and  approaching  the  other.  Now,  since  these  magnets 
are  placed  so  as  to  have  reversed  polarity,  it  follows  that 
the  induction  current  produced  in  the  bobbin  by  leaving 
the  one  will  be  in  the  same  direction  with,  and  will  supple- 
ment that  produced  in  it  by  approaching  the  other.  The 
induced  current  will  thus  have  a  perfectly  definite  value, 
and  it  will  be  measured  by  means  of  the  ballistic  gal- 
vanometer, with  which  the  bobbin  must  be  connected. 

Now  let  R  be  the  joint  resistance  of  the  bobbin  and 
galvanometer,  and  let  d  denote  the  deflection  when  there 
is  no  other  resistance  in  circuit. 

Also  let  Rx  and  R9  be  the  resistances  to  be  compared, 
and  dl  and  d2  the  deflections  produced  when  these  resist- 
ances are  respectively  included  in  the  circuit  of  the  magneto- 
inductor  and  galvanometer. 

Hence  .  R    _^ 

R  +  K!~  d' 

and 


and  hence  also 

R      d-d 


LESSON  LXIX.—  Investigation  of  a  Uniform  Field 
of  Force. 

148.  Apparatus.  —  An  electro-magnet  provided  with  two 


VII.] 


ELECTRO-MAGNETIC  INDUCTION. 


375 


large  cubical  pole  pieces.  A  hole  should  pass  right 
through  the  centres  of  the  cubes  from  face  to  back,  as  in 
Fig.  174.  A  hollow  helix  20  cm.  long  and  5  cm.  in  diam- 
eter, a  low  resistance  mirror  galvanometer  fixed  some 
distance  away  from  the  magnet.  Battery,  keys,  wires,  etc. 
Cardboard,  iron  filings. 

Method. — Fix  the  electro -magnet  vertically,  and  place 
the  pole  pieces  in  position,  as  in  Fig.  174.  Arrange  the 
circuit  of  the  electro-magnet  and  run  the  connecting  wires 
together  to  prevent  disturbance. 


A  sheet  of  cardboard  must  next  be  placed  over  the 
pole  pieces,  and  by  means  of  the  iron  filings  magnetic  curves 
may  then  be  obtained.  The  lines  of  force  will  be  found 
to  be  concentrated  across  the  space  between  the  pole 
pieces  in  a  direction  perpendicular  to  the  opposing  faces 
(see  Fig.  174).  This  region  may  therefore  be  considered 
to  be  a  uniform  field  of  force. 

Next  connect  a  long  straight  wire  with  the  circuit  of 
the  galvanometer  (the  wire  of  p.  61),  and  proceed  with  it 
to  investigate  the  field  of  force  after  the  manner  of  the 
following  experiments : — 
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Experiment  I. — The  wire  was  placed  between  the  pole 
pieces  with  its  length  horizontal,  and  at  right  angles  to  the 
lines  of  force.  On  moving  the  wire  from  the  one  pole  to 
the  other,  keeping  it  always  at  right  angles  to  the  lines  of 
force,  and  arranging  so  that  the  circuit  should  not  cut 
lines  of  force  when  the  wire  moved,  there  was  no  effect 
upon  the  galvanometer. 

Experiment  II. —  The  position  being  as  before,  the 
wire  was  moved  in  the  direction  of  its  length  without 
effect. 

Experiment  III. — The  wire  being  as  before,  it  was  moved 
up  and  down  so  as  to  make  the  circuit  cut  lines  of  force, 
when  a  large  deflection  was  produced. 

Experiment  IV. — The  pole  pieces  being  turned  so  that 
the  holes  faced  each  other,  a  wire  was  passed  through  the 
two  holes  so  as  to  lie  along  lines  of  force.  On  moving  the 
wire  either  in  the  direction  of  its  length  or  in  any  other 
way,  provided  the  circuit  was  not  made  to  cut  lines  of  force, 
there  was  no  effect. 

A  ring  was  now  made  of  ten  turns  of  covered  wire,  the 
free  ends  being  twisted  together  and  connected  with  the 
galvanometer,  and  the  action  of  the  magnetic  field  upon  it 
was  ascertained  by  a  second  series  of  experiments  as 
follows  : — 

Experiment  I. — The  ring  was  placed  vertically  with  its 
plane  parallel  to  the  opposing  polar  surfaces,  and  hence  at 
right  angles  to  the  lines  of  force.  On  moving  it  slightly 
in  its  own  plane,  or  in  the  direction  of  its  axis,  so  as  to  keep 
it  always  parallel  to  itself,  there  was  no  induced  current ; 
but  when  removed  outside  the  region  of  uniform  force, 
there  was  a  large  deflection  in  one  direction,  and  when 
brought  back  to  its  previous  position,  there  was  an  equal 
deflection  in  the  opposite  direction. 

Experiment  II. — The  ring  being  still  vertical,  but  with 
its  plane  parallel  to  the  lines  of  force,  no  effect  was  pro- 
duced by  moving  it  in  its  own  plane  or  parallel  to  its  own 
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plane.     There  was  likewise  no  effect  when  it  was  so  moved 
to  a  position  without  the  uniform  field  of  force. 

Experiment  III. — The  ring  being  now  placed  horizontally, 
there  was  no  effect  whether  it  was  moved  about  within 
the  uniform  field  or  removed  outside  of  it,  provided  it  was 
always  kept  horizontal. 

Experiment  IV. — The  ring  being  as  in  Experiment  II., 
was  rotated  about  a  horizontal  axis  (this  being  parallel  to 
the  lines  of  force),  but  no  effect  was  produced.  It  was 
next  rotated  about  a  vertical  axis,  when  a  large  deflection 
resulted.  Finally  it  was  rotated  about  an  axis  passing 
through  its  centre  and  perpendicular  to  its  plane,  without 
any  effect  being  produced. 

Experiment  V. — Lastly,  the  ring  was  placed  vertically, 
in  the  position  of  Experiment  I.,  and  rotated  about  an 
axis  at  right  angles  to  the  lines  of  force,  when  a  large  de- 
flection was  produced. 

The  helix  was  now  connected  with  the  battery,  and  a 
piece  of  cardboard  placed  horizontally  within  it.  By 
means  of  iron  filings  the  lines  of  force  were  obtained,  and 
found  to  be  parallel  with  the  axis  of  the  helix,  except  at 
the  ends  of  the  coil,  where  they  diverged.  Assuming,  in 
accordance  with  the  principles  of  p.  329,  that  the  field  of 
force  within  the  coil  is  uniform,  a  series  of  experiments 
similar  to  the  above  were  made  with  the  straight  wire  and 
ring  within  the  helix.  These  and  other  experiments  will 
be  found  to  agree  with  the  preceding  in  establishing  the 
following  rules  :  — 

(1.)  If  the  plane  of  the  circuit  be  parallel  to  the  lines 
of  force,  no  E.  M.  F.  results  from  the  motion  of  a 
movable  portion  of  the  circuit,  or  of  the  whole 
circuit  in  any  direction  in  the  plane  of  the  cir- 
cuit, nor  will  any  result  if  the  circuit  be  translated 
into  another  plane  parallel  to  its  first. 
(2.)  If  the  plane  of  the  circuit  be  perpendicular  to  the 
lines  of  force,  so  that  a  number  of  lines  of  force 
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pass  through  it,  and  if  it  be  turned  or  carried 
into  any  position,  or  so  altered  that  the  number 
of  these  lines  of  force  embraced  by  the  circuit  is 
increased  or  diminished,  an  induction  current 
will  be  produced ;  the  direction  of  this  current 
caused  by  an  increase  being  in  the  opposite  di- 
rection to  that  caused  by  a  diminution  in  the 
lines  of  force  which  pass  through  the  circuit. 
(3.)  In  a  closed  circuit  no  E.  M.  F.  is  generated  when  it 
receives  a  motion  of  translation  (not  rotation)  in 
a  uniform  field.  Here  evidently  the  number  of 
lines  of  force  embraced  by  the  circuit  is  the  same 
at  the  end  as  at  the  beginning. 

149.  The  best  example  of  a  uniform  field  of  force  is 
that  due  to  the  earth's  magnetism,  provided  that  we  con- 
fine our  attention  to  a  region  not  too  large.  In  order  to 
see  how  the  earth  acts,  suppose  that  we  have  a  closed  circle 
of  wire  lying  horizontally  on  the  table,  and  that  we  attach 
to  it  four  paper  labels  N.,  E.,  S.,  and  W.,  denoting  magnetic 
north,  east,  south,  and  west.  Next,  keeping  the  point  W. 
fixed,  raise  the  circle  into  a  vertical  position,  taking  care 
that  the  line  N.S.  shall  rise  parallel  to  itself. 

Now,  in  the  first  place,  there  are  no  lines  of  force  due 
to  the  earth's  horizontal  component  passing  through  the 
circular  area  in  either  position.  Clearly,  then,  there  will 
be  no  induced  current  due  to  the  horizontal  force. 

On  the  other  hand,  in  its  horizontal  position,  a  number 
of  lines  of  force  due  to  the  earth's  vertical  component 
passed  through  the  circle.  This  number  will  be  denoted 
by  VA,  where  V  is  the  value  of  the  vertical  component 
and  A  the  area  of  the  circle.  Again,  in  its  vertical  position, 
there  are  no  lines  of  force  due  to  this  component  passing 
through  the  circle. 

Hence,  according  to  the  reasoning  of  Appendix  B,  we 
shall,  during  the  time  taken  to  perform  this  turning  opera- 
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lion,  have  a  quantity  of  electricity  Q  flowing  through  the 
wire  such  that  Q  =  -^,  in  which  R  is  the  resistance  of  the 
circuit. 

To  find  the  direction  of  this  current  we  have  to  re- 
member that  the  earth's  vertical  component  represents  in 
the  northern  hemisphere  a  south  pole,  on  which  we  are 
looking  down,  and  hence  that  its  molecular  current  may 
be  supposed  to  be  circulating  clockwise.  Also,  the  circle 
being  withdrawn  from  the  lines  of  force,  the  induced  cur- 
rent in  it  will  likewise  circulate  clockwise,  that  is  to  say, 
in  the  direction  N.E.S.W.  We  have  as  yet  only  turned 
our  circle  through  90°,  let  us  complete  other  90°  in  the 
same  direction,  until  the  circle  is  brought  once  more  flat 
upon  the  table. 

It  will,  during  this  second  revolution  of  90°,  have 
regained  those  lines  of  force  which  it  had  lost  during  the 
first,  and  hence  there  will  be  generated  in  it  a  current 
equal  to  that  which  was  generated  in  it  during  the  first 
90°,  but  in  an  opposite  direction  as  far  as  an  observer 
looking  at  the  circle  from  above  is  concerned.  But  the 
back  of  the  circle  is  now  above  and  the  face  containing 
the  letters  below,  and  hence,  to  an  observer  looking  on  the 
face,  the  direction  of  the  current  in  the  second  quadrant 
will  be  the  same  as  in  the  first. 

If  we  continue  the  same  treatment  of  the  circle  through 
another  180°,  we  shall  produce  currents  that  have  the 
same  reference  to  the  back  of  the  circle  that  those  in  the 
first  180°  had  to  its  face,  and  hence  the  currents  in  the 
second  180°  will  be,  with  reference  to  the  face,  the  oppo- 
site of  those  in  the  first  180°,  that  is  to  say,  they  will 
circulate  in  the  direction  N.W.S.E.  and  not  in  the  direction 
X.E.S.W. 

A  little  reflection  will  at  once  show  us  that  the  result 
would  have  been  the  same  had  the  horizontal  circle  been 
attached  to  an  axis  passing  between  N.  and  S.,  and  then 
made  to  perform  a  complete  revolution.  We  see  likewise, 
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that  were  we  to  employ  a  vertical  axis  instead  of  a  hori- 
zontal one,  we  should  obtain  precisely  analogous  results, 
only  caused  by  the  horizontal  component  of  the  earth's 
force  and  not  by  its  vertical  component.  Here  the  total 
quantity  Q  for  a  half  revolution  will  be 


If  the  coil  consisted  of  not  a  single  turn  but  many 
windings,  then  every  turn  would  produce  a  quantity  Q; 
hence  if  a  is  the  mean  radius  of  the  coil  and  n  the  number 
of  windings, 


The  quantity  mra?  we  shall  call  the  Area  of  Induction. 


150.  It  is  thus  clear  that  by  turning  the  circle  round 
through  180°  about  a  horizontal  axis  parallel  to  the  mag- 
netic meridian,  we  get  a  current  which  we  may  call  dl  =  cV, 
c  being  a  constant  belonging  to  the  circle  and  V  the  earth's 
vertical  force.  On  the  other  hand,  by  turning  it  through 
180°  round  a  vertical  axis,  we  get  a  current  d2  =  cH,  H 
being  the  earth's  horizontal  force  and  c  having  the  same 
value  as  before.  Now 


V    d 
Tangent  dip  =  ^  =  ~, 

Jtl       <* 


hence  by  this  observation  the  dip  may  be  ascertained. 
This  method  was  first  suggested  by  Faraday  (Researches, 
§  3214,  vol.  iv.),  and  Weber  has  shown  that  it  is  capable 
of  good  accuracy,  and  has  devised  an  earth  inductor  for  the 
purpose  of  the  determination.1 

1  The  method  possesses  several  advantages  for  a  fixed  observatory 
over  the  dip  circle,  especially  with  regard  to  the  short  time  necessary 
for  a  complete  observation.  For  Weber's  original  account  see  Pogg. 
Ann.,  Bd.  xc.  It  may  be  mentioned  that  the  mechanician  Edelmann, 
of  Munich,  has  devised  an  earth  inductor  adapted  for  observatory  work. 
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LESSON  LXX. — Use  of  Earth  Inductor. 

151.  Apparatus. — Fig.  175  exhibits  an  ordinary  Dele- 
zenne  circle  that  may  be  adapted  for  the  purpose  of  an 
earth  inductor.  The  ends  of  the  circular  coil  C  should  be 
connected  with  the  binding  screws  directly  by  thin  coiled 


Fi".  175.—  THE  EARTH  IXDCCTOR 


wires  instead  of  through  the  split  ring  commutator,  which 
is  unsuitable.  The  coil  C  is  mounted  so  as  to  revolve 
within  the  wooden  framework  by  turning  the  handle  h. 
The  wooden  framework  is  itself  mounted  so  as  to  revolve. 
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We  must,  however,  limit  the  play  of  the  coil  by  screwing 
blocks  of  wood  on  the  bar  ab,  so  that  the  coil  can  only  be 
rotated  through  180°.  The  base  should  also  be  provided 
with  levelling  screws. 

For  the  observation  a  low  resistance  mirror  galvan- 
ometer with  negligible  logarithmic  decrement  and  long 
time  of  vibration  should  be  employed. 

Metlwd.  —  (1.)  Turn  abed  and  C  until  both  are  horizontal, 
and  by  the  aid  of  a  compass  needle  place  the  axis  of  0  in 
the  magnetic  meridian.  (2.)  Place  a  striding  level  on  the 
frame  abed  from  axis  to  axis,  and  level  this  axis.  (3.) 
Level  the  axis  of  C  and  clamp  the  framework  by  the 
milled  -head  screw  seen  at  the  top  of  the  right-hand 
upright.  (4.)  Take  a  series  of  readings  with  the  inductor 
turned  through  180°,  first  in  one  direction  and  then  in  the 
other.  The  kicks  of  the  current  on  the  galvanometer  will 
be  proportional  to  V.  (5.)  Place  abed  and  the  coil  C 
vertical  by  turning  through  90°,  as  observed  by  the  index 
n.  (6.)  Make  observation  of  the  value  of  H  by  alternate 
semi-rotations  as  before. 

Example.  —  Mean  value  of  rf1  =  112;7,  mean  value  of 
d2  =  43,  hence  the  dip  -  ^  =  2-621,  dip  -  69°  7'. 

152.  Rowland's  application  of  the  Earth  Inductor.1  —  The 
equation 


suggests  an  exceedingly  useful  application  of  the  earth 
inductor.  By  its  means  we  can  ascertain  the  strength  in 
absolute  measure  of  a  magnetic  field.  For  if  the  coil  be 
connected  with  a  ballistic  galvanometer,  then 


where  R  is  the  total  resistance  in  the  circuit,  6  the  deflec- 
1  See  Phil.  Mag.,  vol.  xlvL,  1873. 
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tion  produced  by  the  rotation  of  the  coil  through  180°, 
and  k  the  ballistic  constant  of  the  galvanometer.  Suppose 
now  that  it  is  required  to  measure  the  strength  of  a 
particular  field  H',  between  the  poles  of  a  magnet  for 
instance.  It  wruld  only  be  necessary  to  include  in  the 
circuit  of  the  earth  inductor  a  second  or  test  inductor, 
placed  between  the  poles,  which  latter  in  practice  would  be 
much  smaller  than  the  earth  inductor.  This  second 
inductor  would  be  placed  in  the  proper  position  with 
regard  to  the  field  H'  and  turned  through  180°.  We 
should  similarly  have 

0' 

.         .         .         .     (3) 

Where  riira'2  is  the  area  of  induction  of  the  test  coil  and 
ff  the  deflection.  From  (2)  and  (3),  supposing  the  test 
inductor  to  have  been  in  circuit  when  0  was  observed, 


l"  2     d          , 

= a'=H'  nearlJ> 

n  -it  ITU,  -       .     v       a 
sin  TJ 
z 

where  d  and  d'  are  the  observed  deflections  in  scale  divi- 
sions of  the  mirror  galvanometer  used,  or 

H'  =  H7?^'  d        •'      '        •        •    (4) 

This  equation  allows  us  to  compare  directly  the  intensity 
of  the  field  H'  with  the  horizontal  intensity  of  the  earth's 


153.  Use  of  Long  Helix  (Thomson).  —  In  the  above 
article  use  has  been  made  of  the  uniform  field  of  the  earth, 
but  we  have  already  pointed  out,  p.  329,  that  in  the 
middle  of  a  long  helix  conveying  a  current  the  field  may 
be  regarded  as  uniform,  and  having  a  value 
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where  N  is  the  number  of  turns  per  centimetre  of  length. 
Hence  in  the  previous  equation  (4)  we  may  substitute  the 
value  47rNC  for  H.  In  this  expression  we  assume  that 
the  value  of  C  is  known.  This  method  is  often  more 
convenient  than  the  last  one,  and  it  has  further  the  advan- 
tage that  instead  of  a  movable  test  coil  we  may  use  a  fixed 
one  wound  outside  the  middle  of  the  long  helix.  For  when  the 
circuit  of  the  helix  is  broken  an  induced  current  is  generated 
due  to  47rNC  x  area  of  induction  of  the  fixed  coil,  the  lines 
of  force  being  suddenly  withdrawn  from  its  circuit.  In  this 
latter  case 

rr,         XTn  n"Tra"z     d'  .,. 

where  n"ira"2  is  the  area  of  induction  of  the  fixed  coil  and 
d"  the  deflection  produced  when  the  circuit  is  broken.  It 
must  be  noticed  that  owing  to  the  lines  of  force  being  only 
once  withdrawn  from  the  helix,  the  right-hand  member  of 
the  last  equation  has  been  divided  by  2. 

154.  The  Trapeze  Earth  Inductw. — In  the  absence  of  a 
proper  earth  inductor  a  simple  form  may  be  used.  This 
consists  of  a  wooden  rod  about  2  metres  long,  having  holes 
at  each  end.  One  end  of  a  piece  of  thin  copper  wire,  6 
metres  long,  is  passed  through  each  hole,  so  that  2  metres 
of  the  wire  lie  along  the  rod  and  3  metres  are  used  at 
each  end  for  the  suspension  of  the  rod,  trapeze  fashion,  from 
the  ceiling.  The  upper  ends  of  the  wire  are  connected 
with  leading  wires  fixed  so  that  they  may  not  be  disturbed 
by  the  swinging  of  the  trapeze.  Four  uprights  are  fixed 
to  the  floor,  two  on  either  side  of  the  trapeze,  for  the  pur- 
pose of  limiting  its  swing.  The  uprights  on  the  one  side 
are  removed  from  the  position  of  verticality  exactly  as  far 
as  those  on  the  other.  When  in  use  the  bar  is  lifted  up 
against  two  of  the  stops  and  thrown  towards  the  other 
stops,  where  it  should  be  caught  and  held.  During  the 
movement  the  conductor  fixed  along  the  rod  crosses  IhV 
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lines  of  force,  where  I  is  the  length  of  the  horizontal  wire, 
h  the  distance  between  the  stops,  and  V  the  vertical  com- 
ponent of  the  earth's  magnetism.  The  value  of  the  hori 
zontal  component  does  not  enter  into  the  question,  for 
although  the  vertical  wires  cut  the  horizontal  lines  of  force, 
they  do  so  in  such  a  manner  that  the  currents  generated 
on  the  one  side  of  the  vertical  position  are  equal  and 
opposite  to  those  generated  on  the  other,  and  hence  destroy 
each  other.  It  follows  therefore  that  the  rod  may  be 
placed  in  any  azimuth.  The  equation  for  this  inductor  is 

Ih        d' 
-V2V^'er        •..•••     W 

d'"  being  the  deflection  produced  by  the  movement  of  the 
trapeze. 

LESSON  LXXI. — Comparison  of  Magnetic  Fields. 

155.  Exercise. — To  find  the  value  in  absolute  measure 
of  the  field  between  the  poles  of  an  electro-magnet  by  the 
three  above  methods. 

Apparatus. — (1.)  An  Earth-Inductor. — The  one  in  use  at 
Owens  College  consists  of  a  large  hoop,  of  circumference 
2 06 '2  cm.,  wound  with  a  number  of  separate  coils.  Dur- 
ing the  winding  of  the  coils  the  circumference  of  each 
layer  was  measured  after  the  manner  of  Rayleigh  and 
Schuster1  by  a  steel  tape  measure.  The  mean  of  the 
measurements  gives  the  outside  of  the  mean  circumference. 
To  find  the  axial  length  of  the  mean  circumference  correc- 
tion must  be  made  for  the  thickness  of  the  wire.  From  the 
corrected  circumference  the  mean  radius  is  obtained,  which 
with  the  number  of  windings  will  give  the  necessary  in- 
formation regarding  the  inductor.  (2.)  A  lulixfor  uniform 
field. — This  may  consist  of  a  stout  glass  tube  about  50  cm. 
long  and  4  cm.  diameter.  It  is  provided  at  its  ends  with 

1  See  Phil.  Trans.,  1882,  part.  ii.  p.  672. 
VOL.  II.  2  0 
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two  large  corks,  so  as  to  form  a  very  large  reel.  Upon  this 
is  wound  two  layers  of  No.  20  covered  wire,  there  being 
altogether  about  500  turns.  This  will  give  about  10  turns 
per  cm.  Around  its  middle  should  be  wound  about  50 
turns  of  No.  28  wire,  having  an  area  of  induction  of  about 
800  square  cm.  (3.)  Movable  testing-coil. — To  make  this  an 
ebonite  ring  of  37  mm.  internal  diameter  should  be  turned, 
and  also  a  small  reel  of  30  mm.  outside  diameter,  which 
will  easily  pass  within  the  ring.  Wind  the  reel  with  about 
50  turns  of  No.  28  wire,  and  fasten  two  brass  pivots  to 
the  reel.  Make  holes  in  the  ring  for  the  pivots,  in  order 
that  the  reel  may  be  rotated  within  the  ring.  Fasten 
strings  to  the  reel  for  the  purpose  of  turning  it  through 
180°,  the  semi-revolutions  being  determined  by  suitably 
placed  stops.  (4.)  The  trapeze  inductor. — This  will  not 
require  further  explanation.  (5.)  Electro -magnet. — This 
should  be  provided  with  pole  pieces.  (6.)  Other  apparatus. 
— Tangent  galvanometer  of  known  constant,  apparatus 
for  ascertaining  the  dip  and  horizontal  force,  keys  and 
batteries,  low  resistance  galvanometer,  low  resistance  coils. 
Method. — On  account  of  the  nature  of  the  operations  of 
this  lesson  three  students  should  work  together.  The 
necessary  arrangements  are  as  follows: — (1.)  Place  the 
electro-magnet  some  distance  from  the  galvanometer,  fix 
between  its  poles  the  test  coil  in  the  position  previously 
explained.  Arrange  a  circuit  of  Grove's  cells  with  plug  key 
for  charging  the  magnet.  (2.)  Fix  up  the  trapeze  and 
coil  earth  inductors.  (3.)  Connect  all  the  inductors  in 
series  with  the  galvanometer.  (4.)  Connect  the  long  helix 
with  a  battery  plug  key,  tangent  galvanometer,  and  low 
resistance  box.  (5.)  Test  the  inductive  kicks  and  modify 
the  conditions,  such  as  the  strength  of  helix  current,  the 
number  of  the  coils  of  the  earth  inductor  used,  etc.,  so  that 
the  deflections  are  all  readable  on  the  galvanometer  scale 
without  alteration  of  the  total  resistance  in  the  circuit  <j»f 
the  latter. 
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The  necessary  observations  are — (1.)  The  movable  test 
coil  should  be  turned  several  times  through  180°,  and  the 
deflections  observed.  Let  the  mean  deflection  be  d'.  (2.) 
Repeated  observations  should  be  made  with  the  coil  earth 
inductor  in  order  to  obtain  d.  (3.)  Break  the  circuit  of 
the  long  helix  in  order  to  obtain  d".  Observe  also  the 
deflection  on  the  tangent  galvanometer  and  calculate  C. 
Remember  that  C  must  be  in  C.  G.  S.  units.  (4.)  Obtair 
d"'  by  the  trapeze.  (5.)  Ascertain  the  magnetic  dip  (8)  in 
the  region  of  the  trapeze,  and  also  the  value  of  H.  Cal- 
culate V  from  the  equation  V  =  H  tan  8.  (6.)  Find  H  in 
the  region  of  the  coil  earth  inductor.  (7.)  (a)  Calculate 
from  the  known  number  of  turns  and  radii  the  areas  of 
induction  of  the  coil  inductors,  and  from  V,  I  and  h  the 
area  of  induction  of  the  trapeze,  (b.)  Calculate  the  value 
of  the  strength  of  the  field  in  the  helix  from  the  expres- 
sion 47rNC.  (c.)  Find  H'  from  equations  (4),  (5)  and  (6). 

All  these  experiments,  if  properly  conducted,  will  be 
found  to  give  very  nearly  the  same  strength  for  the  mag- 
netic field. 

156.  Application  of  Induced  Currents  to  the  Study  of 
Magnetic,  Distribution. — In  Chap.  II.  several  methods  for  the 
study  of  magnetic  distribution  have  been  given,  and  it  was 
remarked  that  these  methods  are  inexact.  They  have 
given  place,  therefore,  to  the  method  of  induction  currents. 
A  thin  coil  is  made  to  surround  closely  the  axis  of  the 
magnetised  bar  under  experiment  The  coil,  which  is  con- 
nected with  a  ballistic  galvanometer,  is  moved  by  successive 
short  steps  along  the  bar.  The  inductive  kicks  produced 
by  each  movement  must  be  noted.  The  exact  meaning  of 
these  will  be  explained  in  the  following  lesson. 


LESSON  LXXII. — Study  of  Magnetic  Distribution. 
157.  Exercise. — To  apply  the  method  of  induced  currents 
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to  the  case  studied  by  Rowland,1  of  a  long  soft  iron  bar, 
magnetised  by  a  magnetising  helix,  placed  at  the  end  of 
the  bar. 

Apparatus. — Fig.  176  shows  a  convenient  arrangement. 
A  bar,  cc'y  graduated  into  centimetres,  is  supported  by 
passing  it  through  a  hole  in  each  end  of  the  brass  uprights 
fixed  to  heavy  metal  bases.  The  bar  is  of  the  softest 
Lowmoor  iron,  60  cm.  long,  and  6  mm.  diameter,  that  has 
been  well  annealed  by  having  been  heated  to  redness,  and 
then  slowly  cooled  in  a  gas  combustion  furnace,  such  as  is 
used  for  organic  chemical  analysis.  At  the  ends  (shown 
unshaded)  are  two  short  brass  bars  of  the  same  diameter  as 
the  iron  rod.  These  are  for  the  purpose  of  allowing  the 


Fig.  176. — APPARATUS  FOR  STUDYING  DISTRIBUTION  OF  MAGNETISM. 

whole  length  of  the  iron  to  be  brought  under  experiment 
without  using  the  ends  as  places  of  support.  For  magnet- 
ising purposes  there  is  a  bobbin  B,  wound  with  400  turns 
of  No.  20  wire.  This  may  be  clamped  at  any  part  of  the 
bar.  A  smaller  reel  of  ebonite  b,  wound  with  fine  wire,  is 
employed  as  the  induction  coil.  This  is  allowed  to  play 
between  two  brass  guides ;  the  range  of  the  play  may  be 
changed  by  sliding  the  guides,  more  or  less  apart  and  then 
clamping  them  by  means  of  the  appropriate  screws.  When 
b  is  required  to  be  fixed  it  may  be  secured  by  a  clamp 
screw. 

1  See  "Studies  of  Magnetic  Distribution,"  by  H.  A.  Rowland,  Phil. 
Mag.,  1875,  vol.  1.  pp.  257  and  348.  The  method  of  applying  induced 
currents,  though  frequently  called  Rowland's  method,  was  originally 
used  by  Van  Rees  in  1847. 
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The  galvanometer  should  be  an  ordinary  low  resistance 
galvanometer  (p.  146).  A  constant  battery  provided  with 
a  commutator  and  a  box  of  coils  will  be  necessary. 

Method. — The  apparatus  being  fixed  some  distance  away 
from  the  galvanometer,  and  the  iron  bar  having  its  length  at 
right  angles  to  the  magnetic  meridian,  tests  should  be  made 
to  see  whether  the  iron  bar  is  free  from  residual  magnetism. 
(It  is  supposed  that  the  current  is  not  passing  through  B.) 
To  do  this  move  the  induction  coil  along  the  bar.  If  a 
deflection  is  produced,  the  bar  must  be  demagnetised  by 
hammering  its  ends.  It  will  be  difficult  to  remove  the 
whole  of  the  residual  magnetism  in  this  manner.  A  more 
effective  process  is  as  follows  : — Move  B  to  different  parts 
of  the  bar,  and  send  currents  first  in  one  direction  and 
then  in  the  other  by  means  of  the  commutator,  which 
currents  should  be  made  to  decrease  gradually  in  inten- 
sity by  the  gradual  introduction  of  resistance  into  the 
battery  circuit. 

The  helix  B  is  now  placed  at  one  end  of  the  bar, 
which  should  (when  the  circuit  of  B  is  complete)  be  nor- 
mally magnetised.  Commencing  at  either  end  of  the  bar, 
the  induction  coil  is  rapidly  moved  between  the  guides, 
and  the  inductive  kicks  observed  for  the  several  centimetre 
lengths.  A  curve  should  then  be  drawn,  with  the  dis- 
tances from  the  end  of  the  bar  as  abscissae,  and  the  deflec- 
tions as  ordinates.  This  curve  will  show  the  required 
distribution. 

A  conception  of  the  meaning  of  these  measurements  may 
be  obtained  by  considering  that  lines  of  magnetic  induction 
are  entering  the  magnetised  end  of  the  bar.  After  passing 
down  the  bar  a  certain  distance  some  of  these  lines  will 
pass  into  the  air.  There  will  thus  be  two  paths  at  every 
section  of  the  rod  open  to  the  lines,  either  to  pass  farther 
down  the  rod  or  to  pass  into  the  air.  Suppose  now  that 
the  induction  coil  be  fixed  at  any  position  x  from  the  end 
of  the  bar,  and  that  the  current  be  suddenly  stopped ;  a 
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very  large  deflection  will  be  produced,  proportional  to  the 
flow  along  the  bar  at  the  point  x.  If  the  induction  coil  be 
placed  at  a  distance  x  +  dx,  and  the  experiment  be  repeated, 
the  difference  between  the  two  deflections  will  be  propor- 
tional to  the  number  of  lines  that  have  escaped  into  the  air 
through  the  distance  dx.  These  air  lines,  for  a  distance 
equal  to  the  depth  of  the  coil,  may  be  supposed  to  be  per- 
pendicular to  the  bar,  hence  when  the  coil  is  moved  from 
the  position  x  to  x  +  dx,  it  will  at  the  end  of  its  path  em- 
brace fewer  lines  of  force  of  the  magnet,  by  a  quantity 
equal  to  those  that  have  escaped  into  the  air,  between  the 
points  x  and  x  +  dx.  The  current,  therefore,  produced  by 
moving  the  induction  coil  from  x  to  x  +  dx,  will  be  the  same 
as  that  obtained  by  taking  the  difference  of  the  currents 
at  the  same  two  points  in  the  previous  demagnetisation 
experiments.  Further,  if  instead  of  demagnetising  the 
bar  the  coil  were  moved  to  a  very  distant  position  by 
sliding  it  off  the  bar,  first  from  x  and  then  from  x  +  dx, 
the  difference  of  the  inductive  kicks  should  be  the  same 
as  before. 

In  making  the  demagnetisation  experiment  no  good 
agreement  will  be  practically  found  between  it  and  the 
other  methods.  This  will  be  owing  to  the  fact  that  on  the 
current  being  stopped  in  R  the  bar  does  not  fall  to  a 
zero  of  magnetisation.  To  get  rid  of  the  effect  of  the 
residual  magnetism,  instead  of  breaking  the  current  it 
should  be  reversed.  This  will  give  a  deflection  double  of 
the  required  amount,  but  which  will  be  free  from  this 
source  of  error. 

(C.)  Measurements  of  Induction  Coefficients. 

158.  Definition  of  Coefficient  of  Self-Induction. — When  a 
current  is  started  in  a  coil  a  small  time  T  must  elapse 
before  it  establishes  a  constant  condition.  It  must  not, 
however,  be  imagined  that  during  this  time  T  there  is  a 


vii.]  ELECTRO-MAGNETIC  INDUCTION.  391 

uniform  rate  of  increase  of  the  current.  We  may,  never- 
theless, suppose  the  time  r  to  be  divided  into  a  great 
number  n  of  equal  parts,  any  one  of  which  is  so  small 
that  the  rate  of  increase  of  the  current  is  virtually  con- 
stant throughout  this  interval.  Now  let  i\  represent  the 
rate  of  increase  of  the  current  during  the  first  of  these 
intervals.  Then  we  know  that  this  will  cause  an  electro- 
motive force  ev  and  that 


Here  L  may  be  defined  as  the  coefficient  of  self-induction. 
It  follows  from  this  expression  that 


denotes  the  quantity  of  induced  electricity  that  passes, 
while  r^  denotes  the  whole  current  generated  during  this 
small  interval,  R  being  the  resistance  of  the  circuit.  Sum- 
ming up  for  n  such  intervals,  we  have 


.fer\_r     2e_Lr    Sr 
\^i)-R'Ti-R-n 


Here  -£  may  be  regarded  as  the  average  induced  electromotive 
force,  and  —  as  the  average  rate  of  increase  of  the  current, 

while  ^T  will  denote  the  whole  current  established.     If 
n 

the  current  established  be  unity,  then  ^  will  be  the  whole 
quantity  of  induced  electricity,  while  if  the  resistance  be 
likewise  unity  this  quantity  will  be  denoted  by  L.  The 
same  reasoning  will  apply  to  the  case  when  a  current  is 
broken.  L  may  therefore  be  defined  as  the  quantity  of  induced 
or  extra  electricity  which  is  made  to  circulate  in  the  coil,  having 
unit  resistance  in  its  circuit,  by  making  or  breaking  unit 
current. 
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LESSON  LXXIII. — Determination  of  Coefficient  of 
Self-induction.1 

159.  Exercise. — To  find  L  for  a  large  coil  of  60  cm.  in 
diameter,  which  has  been  wound  with  all  the  necessary 
precautions,  and  whose  constants  are  known. 

Apparatus. — Ballistic  galvanometer,  Wheatstone's  bridge 
apparatus,  extra  resistance  coils. 

Practice  of  the  MetJiod. — Let  the  coil  whose  coefficient 
is  required  be  placed  in  the  arm  CD  (Fig.  177)  of  the 
Wheatstone's  bridge.  When  a  balance  is  obtained  by  first 
making  the  battery  circuit  and  then  the  galvanometer 


Fig.  177. 

circuit,  there  is  no  current  in  the  latter,  provided  that 
the  usual  relation  between  the  arms  is  satisfied.  But 
if  the  galvanometer  circuit  be  first  closed  and  then  the 
battery  circuit  be  closed  or  opened,  the  galvanometer  needle 
will  receive  an  impulse  which  will  depend  on  L.  If  the 
current  that  becomes  permanently  established  in  the  coil 
is  x,  then  a  quantity  of  electricity  will  be  developed,  of  which 
a  portion  passes  through  the  galvanometer. 

To  obtain  a  quantity  with  which  to  compare  the  im- 

1  This  is  Maxwell's  method  that  has  been  modified  by  Rayleigh. 
See  Pro.  Roy.  Soc.,  vol.  xxxii.  (1881),  p.  116,  and  Phil  Trans.  (1882), 
part  2. 
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pulse  due  to  L,  the  balance  is  made  incorrect  by  altering 
the  resistance  S  so  as  to  disturb  the  balance  for  permanent 
currents.  Let  S  be  increased  to  S  +  SS. 

Maxwell  has  shown  that  under  these  circumstances  we 
may  assume,  when  8S  is  small,  that 


in  which  a  is  the  kick  produced  by  induction,  and  0  the 
steady  deflection  produced  when  the  balance  is  disturbed. 

In  practice  it  is  found  better  that  (1)  the  current  instead 
of  being  broken  or  made  is  reversed.  This  doubles  the 
value  of  a,  and  hence  the  reading  is  more  accurate.  More- 
over the  battery  is  kept  more  constant  than  it  would  be 
if  sometimes  left  in  open  circuit.  (2.)  The  variation  of  SS 
should  be  secured  by  a  multiple  arc  arrangement.  When 
P  is  made  equal  to  Q  the  disturbance  of  the  balance  may 
be  made,  if  we  choose,  in  the  arm  BD,  by  using  two  resist- 
ance boxes  Rj  and  R2,  as  shown  in  the  figure.  (3.)  The 
observations  of  a  and  6  should  be  alternated  several  times 
to  eliminate  any  error  due  to  variations  of  the  battery. 

Example  (Rayleigh). — The  ballistic  galvanometer  had  a 
resistance  of  80  ohms.  The  scale  was  divided  into  milli- 
metres and  placed  at  a  distance  of  218  cm.  from  the  gal- 
vanometer mirror.  Correction  for  damping  =  TO  142. 
P  =  Q=10.  The  coil  whose  self-induction  was  required 
was  nearly  24  ohms.  Rj  was  made  equal  to  24  ohms,  and 
between  B  and  D  a  resistance  R2  of  753  ohms  was  placed 
in  multiple  arc  with  Rj,  this  gave  a  permanent  balance. 
Hence  the  combined  resistance  between  B  and  D  is 

1=1.  J_     _L_ 
R     24     753     23-259 
or 

R=23-259. 

The  balance  was  then  disturbed  by  substituting  853  ohms 
for  the  753  ohms ;  hence 
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,  after  all  corrections,  =1  "531 


tan  0 

,      T  =  11  '693  seconds. 

A  small  correction  was  made  for  the  ratio  of  x'  to  x,  that 
is  to  say,  of  the  new  current  x  passing  through  CD  when 
the  balance  is  disturbed,  and  x  the  undisturbed  value  of 
the  same,  by  supposing  that 

x'  _  10  +  23-259 
~x  ~  10  +  2JT343' 

The  above  resistances  are  in  BA  units.     To  correct  to 
true  ohms  the  multiple  *987  was  adopted. 

5S    .         .         .         .  •  .  log      -08453  x!09=7  '92701 

Correction  to  absolute  units  log      '987  =  1  -99432 

2  sin  4a  :  tan  0  .        .  .  log    1-531  =   -18498 

Correction  for  finite  arcs  .  log      -99925  =  1-99967 

Correction  for  damping  .  log    1-0142  =    '00612 

Time  of  vibration      .  .  log  11  -693  =1-06793 

Ratio  of  currents       .  .  log  x'/x  =1-99886 

9-17889 
log  27T  .         .      -79818 


log  L    .         .         .  8-38071 
or  L  =  2-4028  x  108  centimetres. 

This  value  was  found  to  agree  with  that  obtained  by  direct 
calculation  from  Maxwell's  formula. 

LESSON  LXXIV. — Comparison  of  Two  Coefficients 
of  Self-induction. 

160.  Exercise. — To  compare  the  self-induction  of  the 
standard  coil  of  the  last  lesson  with  a  second  coil,  such  as 
that  of  the  induction  balance  of  Hughes. 
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Apparatus. — Instead  of  the  ballistic  galvanometer  of  the 
last  lesson  we  shall  require  an  ordinary  galvanometer  of 
high  sensibility. 

Practice  of  the  Method. — Referring  to  Fig.  177,  the  coil 
of  coefficient  L',  which  is  to  be  compared  with  the  stand- 
ard coil,  is  placed  in  the  arm  BD. 

The  condition  for  no  permanent  current  is 

RQ=SP       .        .        VV,        .    (i) 

and  Maxwell  has  shown  (vol.  ii.  art  757)  that  the  condition 
for  no  transient  current  is 

L     Q     s 

L'  =  P=K    '        '      4.    .    '       '    (2> 

Suppose  that  S  and  Q  are  fixed,  we  have  to  find  values 
of  P  and  R  which  will  satisfy  both  (1)  and  (2).  To  satisfy 
(1)  any  number  of  values  may  be  found,  but  there  is 
only  one  value  of  P  and  one  value  of  R  which  will 
satisfy  both. 

The  best  procedure  in  practice  will  therefore  be  as 
follows : — (1.)  With  P  and  R  large  note  the  direction  of 
induction  kick.  (2.)  With  P  and  R  sufficiently  small 
again  note  the  direction  of  the  kick,  which  ought  now  to 
be  in  the  opposite  direction.  (3.)  Having  thus  obtained 
limits  between  which  the  proper  values  lie,  P  and  R  are 
adjusted  until  the  balance  is  obtained. 

Example. — S  =  1000  +  coil  (of  self-induction  L)  -  1021 '4. 
Q  =  1000.  These  were  kept  fixed.  P  was  put  =  1000,  and 
R  adjusted  until  the  balance  was  obtained  for  permanent 
currents.  The  induction  kick  was  +  300.  P  was  now 
made  1 0,  and  R  again  adjusted ;  the  induction  kick  was 
now  -  50.  A  change  of  990  in  P  thus  caused  a  change  of 
350  in  the  deflection;  but  as  we  require  a  change  of  300 
to  give  no  inductive  kick,  the  true  value  of  P  should  be 
about  10  +  *^=  150  nearly.  Several  such  adjustments 
showed  that  the  true  balancing  value  of  P  was  144  ohms. 
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E  had  then  the  value  of  140  + coil  of  self-induction  L' 
=  147-35.     Then 


1000 


i 

144' 


161.  Definition  of  Coefficient  of  Mutual  Induction. — Sup- 
pose that  we  have  two  adjacent  coils,  A  and  B,  and  that  a 
current  C  be  started  in  A,  whilst  the  ends  of  B  are  con- 
nected. There  will  be  a  quantity  of  induced  electricity 
passing  in  B  during  the  establishment  of  the  current  in  A 
equal  to 

MC 

TT 

where  M  is  the  coefficient  of  mutual  induction  of  A  on  B, 
or  of  B  on  A,  and  E  is  the  resistance  of  the  circuit  of  B. 


LESSON  LXXV. — Comparison  of  Self  and  Mutual 
Induction  Coefficients.1 

162.  Exercise. — To  find  M  for  two  coils  such  as  those 
of  an  induction  balance,  the  L  of  one  of  which  has  been 
previously  determined. 

Apparatus  as  in  the  last  lesson. 

Practice  of  the  Method.— In  the  S  arm  (Fig.    178)  of 


Fig.  178. 

the  bridge  is  connected  the  coil  L,  whose  self-induction  is 

1  Maxwell,  vol.  ii.  art.  756. 
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known,  whilst  the  adjacent  coil  M  is  connected  with  the 
points  A  and  D.  Neglecting  at  present  the  resistance  W 
connecting  A  and  D,  we  have,  according  to  Maxwell, 

.       .        .        .    (l) 

In  practice  we  must  have  recourse  to  a  double  adjust- 
ment to  obtain  a  balance  both  for  permanent  and  transient 
currents,  as  in  the  previous  example.  But  all  this  trouble 
will  be  avoided  by  using  an  extra  branch  W,  whose  resist- 
ance is  adjusted  until  there  is  no  transient  current.  The 
formula  in  this  case  is — 

G     c  j^n  \ 

:  .      ...      .   (2) 

163.  Comparison  of  two  Coefficients  of  Mutual  Induction.1 
— Suppose  that  coils  A  and  B,  whose  coefficient  of  mutual 
induction  is  M,  are  to  be  compared  with  two  coils  A'  and 
B'  of  coefficient  M'.  Place  A  and  A'  in  series  with  a 
battery.  Place  resistance  boxes  in  the  circuit  of  B  and  B' 
respectively,  and  let  the  induced  currents  produced  in  B 
and  B'  be  sent  in  opposite  directions  through  a  galvan- 
ometer. The  arrangement  will  be  best  understood  by 
referring  to  Fig.  21,  Appendix  D,  and  substituting  the 
coils  L  and  L'  for  the  two  cells.  By  adjusting  the  resist- 
ances in  the  circuit  of  B  and  B'  to  R  and  R',  so  that  there 
is  no  current,  then 

M_R 

M'    K'' 

1  Maxwell,  vol.  ii.  art.  755 


CHAPTER   VIII. 

THE  CONDENSER. 

164.  A  CONDENSER  for  the  purpose  of  this  chapter  may 
be  considered  as  consisting  of  a  number  of  sheets  of  an  in- 
sulating material,  arranged  alternately  with  sheets  of  a 
conducting  material,  the  first,  third,  fifth,  etc.,  sheets  of 
the  latter  being  connected  together  so  as  to  form  one  coat- 
ing or  armature  of  the  condenser,  and  the  second,  fourth, 
sixth,  etc.,  sheets  being  also  connected  together  to  form 
the  other  coating  or  armature.  When  the  armatures  are 
connected  with  the  terminals  of  a  battery  the  condenser 
becomes  charged,  but  may  be  discharged  by  short-circuiting 
its  armatures,  so  as  to  bring  them  to  the  same  potential. 

If  E  be  the  E.  M.  F.  of  the  battery,  and  Q  the  quantity 
of  electricity  the  condenser  retains,  then 

Q  =  EF (1) 

where  F  is  the  capacity  of  the  condenser.1  In  a  con- 
denser the  one  armature  becomes  charged  with  positive 
and  the  other  with  negative  electricity,  but  what  we  regard 
in  estimating  Q  is  the  positive  current,  which  may  be 
supposed  to  flow  from  the  positive  to  the  negative  armature 
when  a  connection  is  established  between  them.  In  like 

1  C.,  E.  and  R.  are  the  well  recognised  abbreviations  for  current, 
E.  M.  F.  and  resistance  ;  but  for  capacity  there  is  no  special  symbol. 
We  shall,  as  a  rule,  follow  Kempe  in  using  F  (the  first  letter  of  Farad). 
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manner,  in  a  voltaic  circuit,  we  always  speak  of  the  positive 
current.  The  relation  (1)  will  enable  us  to  define  the  unit 
of  capacity  as  that  of  a  condenser  which,  when  charged 
with  one  coulomb  of  electricity,  has  a  difference  of  potentials 
equivalent  to  an  E.  M.  F.  of  one  wit  between  its  poles. 
The  unit  so  denned  is  the  Farad  Its  theoretical  value 
is,  therefore, 


Farad  =  =         =  10"9  C.  G.  S.  units  of  capacity. 


The  farad  being  far  too  large  for  practical  purposes, 
it  is  customary  to  use  instead  its  millionth  part,  or  the 
Microfarad.  Standard  condensers  having  one-third  this 
value,  and  approximately  equal  to  the  capacity  of  one 
knot  length  of  cable,  are  used  for  cable  testing,  and  are 
likewise  very  useful  for  laboratory  purposes.  These  con- 
densers, made  of  alternate  sheets  of  tinfoil  and  mica 
coated  with  shellac,  are  mounted  in  brass  cases  with  an 
ebonite  top,  and  provided  with  binding  screws  in  con- 
nection with  the  armatures  of  the  condenser.  By  the 
insertion  of  a  plug  the  armatures  may  be  conveniently 
short-circuited.  By  the  substitution  of  paper  soaked  in 
paraffin,  much  cheaper  condensers  may  be  made.  It  is  a 
useful  exercise  for  the  student  to  make  such  a  condenser, 
according  to  the  details  given  in  Appendix  F. 

LESSON  LXXVI.  —  Work  with  the  Condenser. 

165.  Exercise.  —  To  compare  two  condensers  by  the 
methods  of  (1.)  direct  deflection;  (2.)  equal  deflection.  To 
prove  the  law  of  capacities  by  combining  the  condensers 
in  different  ways,  and  (3.)  to  test  their  rates  of  leakage  and 
examine  the  influence  of  residual  charge,  also  to  estimate 
the  time  required  for  charging. 

Apparatus.  —  (1.)  A  high  resistance  galvanometer,  such  as 
that  of  Lesson  XXIIL  ;  (2.)  a  discharge  key.  One  of  the 
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most  convenient  forms  of  key  is  that  of  Kempe,  shown  in 
Fig.  179.  Here  an  ebonite  base  supports  three  pillars,  one 
of  which  bears  a  hinged  lever  /.  This  plays  between  the 
ends  of  two  platinum  stops,  s  and  s',  that  are  supported  by 
the  other  two  pillars.  When  free  to  move,  the  lever  I  by 
means  of  the  spring  placed  beneath  its  hinge  will  rise  up 
and  press  against  the  upper  stop.  But  when  pressed 
down  by  the  ebonite  insulating  stud  0  it  will  rest  against 
the  bottom  stop,  where  it  is  held  by  the  right-hand  ebonite 


Fig.  179.— KEMPE'S  DISCHARGE  KEY. 

"trigger,"  on  account  of  the  action  of  a  spring  seen 
beneath  the  stud  I.  The  lever  is  now  in  the  Charge 
position,  but  when  I  is  depressed  the  lever  immediately 
springs  up,  but  cannot  reach  the  upper  stop  owing  to  its 
end  being  caught  by  a  second  or  left-hand  trigger  attached 
to  D,  which  is  rather  higher  than  the  other  trigger.  The 
position  that  the  lever  is  now  in  is  called  the  Insulate 
position,  for  the  reason  that  the  lever  touches  neither  the 
bottom  nor  the  top  stops,  but  rests  between  both.  Should 
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now  D  be  depressed,  the  lever  will  spring  up  against  the 
upper  stop  and  be  in  the  Discharge  position.  Further, 
by  pressing  D  without  having  previously  touched  I  the 
lever  will  spring  at  once  from  the  charge  to  the  discharge 
position.  (3.)  A  box  of  coils  and  a  battery  of  from  1  to 
12  Daniell's  cells. 

Theory  of  Metlwd  I.  —  If  two  condensers  of  capacity 
Fl  and  F0  be  charged  by  means  of  the  same  E.  M.  F.,  then 
the  quantities  of  electricity  Ql  and  Q.7  which  they  hold 
will  be 


Q2=EF2, 


Q2    F2 

By  discharging  Q:  and  Q2  through  a  galvanometer  the 
amplitudes  dl  and  d.2  of  the  first  kick,  as  we  have  pointed 
out  in  the  previous  chapter,  will  be  proportional  to 
Qj  and  Qt>,  hence 


This  constitutes  the  simplest  method  of  comparing  two 
condensers. 

Practice  of  Method  I.  —  Fig.  180  shows  the  connections, 
but  at  present  the  shunt  circuits  S  and  Sx  will  not  be  re- 
quired. The  condenser  C,  which  is  represented  by  two 
thick  strokes,  will  become  charged  when  the  lever  hr  of  the 
discharge  key  is  depressed  against  the  lower  stop  c,  for  now 
the  left-hand  pole  of  the  condenser  will  receive  a  positive 
charge  from  the  battery  by  the  connection  QOB,  and  the 
right-hand  pole  will  receive  a  negative  charge  by  the  con- 
nection foNB.  The  key  being  at  this  charge  position,  the 
galvanometer  is  set  to  zero,  and  when  the  observer  is  ready 
to  take  the  reading,  the  discharge  should  be  caused  by  de- 
pressing at  once  D  (Fig.  1  79)  without  previously  touching  L 

VOL.  II.  2  D 
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When  this  is  done  the  poles  of  the  condenser  are  placed  in 
metallic  communication  by  the  circuit  QPGHe?A,  and  the 
sudden  rush  of  electricity  through  the  galvanometer  causes 
the  kick,  which  has  to  be  noted.  Whilst  the  galvanometer 
is  returning  to  rest  the  condenser  should  be  short-circuited 


Fig.  180. 

by  the  key  K2  in  order  to  get  rid  of  any  residual  charge 
that  may  remain  Before  again  depressing  the  lever  the 
short-circuit  key  K9  should  be  opened.  After  the  observa- 
tion of  the  discharge  has  been  repeated  several  times  the 
condenser  C  is  replaced  by  the  second  one,  and  the  pro- 
cesses are  repeated 
Example. — 

Using  a  Clark's  cell  (1)  with  standard  3  microfarad  (F^,  we  got 
kicks  78,  79,  79,  and  78,  mean  78 '5  ;  (2)  with  paraffin  paper  condenser 
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(F2),  169,  168,  169,  171,  mean  169-25  ;  (3)  a  third  condenser  (F3)  gave 
mean  27,  hence 


and 


F2=F11-?^5=7186  microfarad, 

/8'5 

F3=Fa  - ~=  '1146  microfarad. 

78 '5 


166.  Tlieory  and  Practice  of  Method  II.  —  When  a  con- 
denser is  much  greater  in  capacity  than  the  one  with  which 
it  is  to  be  compared,  the  shunt  circuit  S  (Fig.  180)  should 
be  used  with  the  galvanometer  for  the  larger  condenser, 
and  the  observed  deflection  multiplied  by  -J-,  where  G  is 
the  resistance  of  the  galvanometer  and  S  that  of  the  shunt.1 
If  the  shunt  be  adjusted  until  the  deflection  is  the  same 
as  with  the  smaller  condenser  without  the  shunt,  the  ex- 
pression ~p  gives  immediately  the  ratio  of  the  two  con* 
densers.  It  should  be  noticed  that  although  the  fact  of  a 
shunt  being  inserted  across  the  galvanometer  circuit  lowers 
the  resistance  external  to  the  condenser,  yet  owing  to  the 
extremely  high  resistance  of  the  latter  this  will  not  produce 
any  perceptible  difference  in  the  main  discharge  current. 
In  this  respect  the  condenser  resembles  a  battery  of  very 
high  internal  resistance. 

Example.  — 

With  F3  we  adjusted  the  sensibility  of  galvanometer  so  as  to  obtain 
deflection  of  51.  With  Fx  we  obtained  with  S  =  3120  the  same  de- 
flection. Hence,  since  G  was  5612, 

,          3120 

" 


3120  +  5612 


1  The  student  must  be  warned  that  this  expression,  although  quite 
true  for  steady  currents,  requires  a  correction  for  those  of  short  dura- 
tion, due  to  the  inductive  action  of  the  moving  magnet.  This  acts  like 
an  extra  resistance  in  the  circuit  of  the  latter.  Hence  for  accurate 

work  we  must  substitute  G+^+8  for  ^~,  where  a:  is  a  quantity  to  be 

determined  by  the  use  of  condensers  of  known  capacity.     See  Latimer 
Clark,  in  the  Journal  of  Telegraph  Engineers,  vol.  ii.  p.  16. 
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167.  Laws  for  Combination  of  Condensers. — Law  I. — When 
a  number  of  condensers  are  connected -together  in  multiple 
arc  (see  Fig.  181),  the  capacity  of  the  arrangement  is 
equal  to  the  sum  of  the  several  capacities.  This  law  does 


Fig.  181.— CONDENSERS  IN  MULTIPLE  ARC. 

not  require  any  proof.  Law  II. — When  the  condensers 
are  joined  by  cascade  or  series  (see  Fig.  182),  to  find  the 
capacity  of  the  arrangement  we  follow  the  same  method  as 
would  be  used  in  finding  the  resistance  of  a  number  of 
conductors  in  multiple  arc  (see  Appendix  A).  In  other 
words,  the  joint  capacity  would  be  equal  to  the  reciprocal  of 
the  sum  of  the  reciprocals  of  the  several  capacities.  In  order  to 
prove  this  law  let  there  be  three  condensers  in  series,  as 
in  Fig.  182.  Let  V  represent  the  potential  of  the  left- 
hand  plate  of  the  left-hand  or  first  condenser,  and  let  V3 


Pig.  182. — CONDENSERS  IN  SERIES. 


be  that  of  its  right-hand  plate.  It  is  clear  that  Vx  will 
likewise  be  the  potential  of  the  left-hand  plate  of  the 
middle  or  second  condenser,  this  being  metallically  con- 
nected with  the  right-hand  plate  of  the  first.  Again  let  V9 
denote  the  potential  of  the  right-hand  plate  of  the  middle 
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condenser,  and  also  of  the  left-hand  plate  of  the  third 
condenser.  Finally,  suppose  that  the  right-hand  plate  of 
the  third  condenser  is  earth -connected  and  therefore  at 
zero  potential.  Then  if  F1?  F2  and  F3  denote  the  capacities 
of  the  first,  second,  and  third  condensers,  it  is  evident  that 

FI(V-VI)>  F2(Vi-V2)>  and  FsV2  wil1  be  the  quantities 
of  electricity  separated  at  the  various  condensers.  Again, 
since  the  minus  charge  of  the  first  condenser  must  equal 
the  plus  charge  of  the  second,  we  have  F1(V-V1)  =  F2 
(Vj  -  V2).  Likewise,  since  the  minus  charge  of  the  second 
condenser  must  equal  the  plus  charge  of  the  third,  we  have 
F2(V1-V2)  =  FSV2.  Hence 


F, 

suppose.     Now  I  or  VF  will  be  the  charge  produced  by 

F 
difference  of  potential  =  V  in  a  condenser  of  capacity  F. 

Again,  it  is  evident  that  when  the  above  series  of  con- 
densers is  discharged,  F^V  -  Vj)  will  denote  the  quantity 
of  positive  electricity  which  circulates  through  the  gal- 
vanometer, and  we  have  just  shown  that  this  is  equal  to 
VF  when  ^=^+J-+^--  Hence  the  law.  These  laws  should 
be  experimentally  verified. 

Example. — 

The  capacity  of  Fa  +  F3  in  multiple  arc  was  measured  and  found  to 
be  '4472,  but  Fj= '3333  and  F3='1146  (see  above  example).  Hence 
F1  +  F3=:-4479,  proving  Law  I.  Again,  ¥l  and  F3  in  cascade  gave 
•0872,  now 

_L_  = 1 =-0852. 


i,       1146 

Thus  law  II.  is  experimentally  verified. 

168.  Leakage  of  a  Condenser. — A  charged  condenser  left 
to  itself  undergoes  a  slow  discharge,  chiefly  through  the  insul 
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ating  sheets.  To  study  the  rate  of  the  discharge  it  is  only 
necessary  after  charging  the  condenser  to  press  the  button 
I. of  the  discharge  key,  and  after  a  given  time  to  press  the 
button  D.  The  percentage  of  leakage  per  minute  will 
depend  upon  the  insulation  resistance  of  the  condenser. 
Example. — Two  DanielPs  cells  used  for  charging. 


Kind  of  Condenser. 

Immediate 
Discharge. 

Discharge  after 
ten  minutes' 
Insulation. 

Percentage 
Leakage  per 
minute. 

Mica     . 
Swiss  Composition 
Paraffin  (1  year  old) 
Paraffin  (4  year  old) 

166 
281 
60 
385 

148 
260 
29 
65 

1-08 

•71 
5-01 
8-31 

169.  Absorption  and  Residual  Charge. — The  student,  after 
he  has  removed  the  battery  and  taken  a  discharge  from  the 
condenser,  will  find  that  he  will  be  able  to  obtain  a  second 
or  residual  discharge.  This  is  due  to  the  peculiarity  of 
solid  and  liquid  insulators1  known  as  electric  absorption. 
When  a  condenser  is  connected  with  a  battery  it  does  not 
receive  its  full  charge  immediately,  but  continues  for  some 
time  to  absorb  or  suck  in  the  charge.  Again,  when  the 
condenser  is  discharged  it  does  not  immediately  give  up 
this  portion  of  the  charge,  but  this  will  gradually  ooze  out 
and  be  available  for  producing  a  residual  discharge.  These 
phenomena  should  be  observed  as  shown  in  the  following 
example : — 

Example. — (1.)  Study  of  the  influence  of  the  length  of 
time  necessary  to  charge  the  condenser  by  twelve  Dani ell's 
cells. 

TIME  OF  CHARGING. 

Immediate.      15  sec.  30  sec.  1  min.  5  min.    \ 

Mica  condenser    .      301  302  302  302  302 

Paraffin  condenser      329  330  332  334  336 

1  Calcite  appears  to  be  a  remarkable  exception,  according  to  the*} 
experiments  of  Rowland  and  Nichols.      See  Pro.  Phys.  Soc.,  vol.  iv. 
p.  215. 
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(2.)  Study  of  residual  charge  after  the  condensers  had 
been  charged  by  two  cells  for  five  minutes. 

Mica  Condenser.  Paraffin  Condenser. 

First  discharge     ....       169  212 

Residual  after  1  minute  insulation          3*5  24 

,,  ",,  ,,    more         TO  16 

i  „  „  „        „  0  13 

„        „  10 

»  »»  »  5> 

From  these  experiments  we  see  that  the  paraffin  paper 
condenser  exhibits  the  phenomenon  of  absorption  in  a  very 
marked  manner. 


LESSON  LXXVII.  —  Determination  of  the  Absolute 
Capacity  of  a  Condenser. 

170.  Apparatus.  —  As  in  Lesson  LXXVL,  with  the  addi- 
tion of  a  means  of  measuring  time. 

Thm-y  of  the  Method.—  We  have  proved  (Arts.  138-142) 
that  when  a  quantity  Q  of  electricity  is  discharged  through 
a  ballistic  mirror  galvanometer 


27rL 

where  K  =  HF  is  the  working  constant  of  the  galvan- 
ometer, Tt  is  the  corrected  time  of  vibration  of  the  needle, 
A  the  logarithmic  decrement,  s  the  deflection  in  millimetre 
scale  divisions,  and  L  the  distance  of  the  scale  from  the 
mirror,  also  in  millimetres.  If  the  deflection  had  been 
produced  by  the  discharge  of  a  condenser  through  the  gal- 
vanometer, then 

Q  =  FE        .....     (2) 

where   F    is   the   capacity   of   the   condenser,   and   E   the 
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E.  M.  F.  of  the  battery  used  to  charge  it.      Hence  from 
(1)  and  (2)_ 

KTji 
F=  — 


To  apply  this  equation  in  practice  we  use  the  same  battery 
that  has  been  employed  in  charging  the  condenser  to  pro- 
duce a  constant  deflection  sx  when  connected  with  the  gal- 
vanometer in  series.  If  the  total  resistance  in  the  circuit 
be  now  R,  then,  by  the  theory  of  the  mirror  galvanometer 
(Art.  34), 

R=2~L (4) 

Eliminating  J  between  (3)  and  (4)  we  obtain — 


, 


Practice  of  the  Method.  —  We  have  three  distinct  opera- 
tions to  perform  :  — 

(1.)  Determination  of  s.  —  The  connections  and  the  opera- 
tions are  as  in  Method  I.,  Lesson  LXXVI. 

(2.)  Determination  of  T  and  A.  —  The  former  must  be 
done  by  the  method  of  passages,  and  the  latter  by 
the  method  of  Art.  142. 

(3.)  Determination  of  R  and  sr  —  The  condenser  must 
now  be  disconnected  and  a  resistance  box  inserted 
in  the  battery  circuit.  Owing  to  the  great  sensi- 
tiveness of  the  mirror  galvanometer  it  will  probably 
be  impossible  to  obtain  a  readable  deflection  with 
an  ordinary  resistance  box,  hence  the  galvanometer 
should  be  provided  with  the  shunt  S.  Alter  S  and 
add  resistances  until  s1  is  readable.  Since  a  shunt 
is  used,  the  resistance,  consisting  of  that  unplugged 
(  =  Rj),  together  with  the  battery  resistance  and  the 
combined  resistance  of  the  galvanometer  and  shunt, 
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must  be  multiplied  by  Gg  s  in  order  to  obtain  K 
(see  a  similar  case,  p.  193). 
Example,  — 

s=154,  T,  =  7'667  seconds,  \=  -01. 
51=»95,  R]  =  11000,  S  =  4,  G  =  4292,  B  =  4. 


-667x154x1-005  '3363, 

=  -T  farad'  or  =  '3363  microfarad. 


"3-1416x11008x1074x95 

LESSON  LXXV1IL  —  Comparison  of  Electromotive 
Forces,  and  Determination  of  Battery  Resist- 
ance by  the  Condenser. 

171.  Apparatus. — As  in  Lesson  LXXVI. 

Theory  of  the  Comparison  of  E.  M.  F.  — Method  of  Law. — 
If  the  same  condenser  be  charged  first  by  means  of  a  source 
of  E.  M.  F.  =  Ej,  and  discharged  through  a  galvanometer 
producing  deflection  dv  and  then  by  means  of  a  source  of 
E.  M.  F.  =  E2,  producing  on  discharge  a  deflection  d^  then 

H=^ (l) 

Should  Ej  be  very  much  greater  than  E2,  it  will  be 
necessary  to  shunt  the  galvanometer,  when  formula  (1) 
becomes — 

Ej    G  +  S    rfj  /o\ 

Practice  of  Law's  Method. — It  is  only  necessary  to  use 
the  arrangement  of  Fig.  180,  and  take  the  discharge  first 
with  one  battery  and  then  with  the  other.  The  con- 
denser should  be  thoroughly  freed  from  its  residual  charge 
after  each  battery  has  been  tested,  and  it  is  important  to 
take  the  discharges  with  the  weaker  batteries  first,  for 
otherwise  the  residual  charge  from  the  stronger  battery 


410  PRACTICAL  PHYSICS.  [CH. 

might    be    sufficient    to    cause    the   observation   with   the 
weaker  one  to  be  erroneous. 

172.  Theory  of  the  Battery  Resistance  Method  (Kempe).  — 
Let  us  consider  the  effect  on  the  discharge  deflection  of 
shunting  the  battery  of  internal  resistance  B  and  E.  M.  F. 
=  E  by  the  shunt  Sx  (see  Fig.  180).  Let  the  current 
circulating  through  the  battery  and  shunt  be  C,  then,  by 
Ohm's  law, 

.....     (1) 


Now  when  the  shunt  Sx  is  removed  by  the  plug  key  K3, 
and  the  discharge  deflection  dl  is  taken,  this  deflection  is 
proportional  to  the  whole  E.  M.  F.  of  the  battery  E,  but 
when  the  shunt  is  in  use  the  discharge  deflection  d9  will  be 
something  less  than  dv  for  we  are  really  measuring  the 
difference  of  potentials  represented  by  an  E.  M.  F.  of  say  <?, 
which  maintains  a  current  C  through  Sp  hence 

«  =  CS!         .....     (2) 
From  (1)  and  (2) 


but 
hence 


-- 


Practice  of  the  Method.  —  When  the  first  discharge  is 
taken  the  battery  is  in  open  circuit,  but  in  the  second 
case  it  is  in  closed  circuit.  Hence  the  value  of  E  may  be 
greater  in  the  first  than  in  the  second  case,  owing  to  pol- 
arisation setting  in  when  the  shunt  is  used.  To  lessen  the 
error  from  this  cause,  it  is  important  to  insert  the  plug 
K3  only  for  the  short  length  of  time  necessary  to  charge 
the  condenser. 
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173.  Defects  of  the  Deflection  Methods.— 

(1.)  The  theory  of  the  application  of  a  ballistic  galvan- 
ometer demands  that  the  whole  duration  of  the  impulsive 
current  shall  be  a  small  fraction  of  the  needle's  time  of 
vibration.  Owing  to  the  phenomenon  of  electrical  absorp- 
tion, there  is  some  uncertainty  concerning  the  period  of 
time  taken  in  discharging  the  condenser,  which  may  be- 
come quite  comparable  with  the  period  of  the  needle.1 

(2.)  Accurate  work  demands  that  the  damping  of  the 
galvanometer  shall  be  small,  but  in  practice  this  means  that 
the  successive  measurements  cannot  be  quickly  repeated, 
owing  to  the  length  of  time  required  to  stop  the  needle's 
vibration. 

(3.)  The  successive  discharges  are  apt  to  demagnetise 
the  needle. 

174.  The  Zero  Methods. — By  balancing  one  condenser 
against  another,  it  becomes  unnecessary  to  use  a  ballistic  gal- 
vanometer, hence  all  the  defects  above  mentioned  may  be 
avoided.      We   should  use  instead  simply  a  galvanoscope 
(as  delicate  as  may  be),  and  adjust  the  charges  of  the  con- 
densers until  no  deflection  is  observable.     The  two  best 
known  zero  methods  are — 

(1.)  The  Bridge  Method  of  De  Sauty.  This  is  applic- 
able in  the  laboratory  to  ordinary  condensers,  or  short 
lengths  of  cable,  but  it  cannot  be  employed  for  long  lengths 
of  cable  on  account  of  the  influence  of  inductive  retardation. 

(2.)  The  Method  of  Mixtures  of  Sir  William  Thomson.2 
This  is  generally  applicable,  and  is  extensively  used  for 
cable  testing. 

LESSON  LXXIX. — Comparison  of  Condensers  by 
the  Bridge  Method. 

175.  Apparatus. — Two  boxes  of  coils  or  a  Post  Office 

1  See  F.  Jenkin,  B.  A.  Report,  1867. 
2  See  Journal  of  Telegraph  Engineers^  vol.  i.  p.  394. 
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bridge,  battery  of  twelve  Daniell's  cells,  high  resistance  re- 
flecting galvanometer,  Morse  key  and  condensers. 

Method. — It  is  similar  to  that  of  the  Wheatstone  bridge. 
The  condensers  of  capacity  E  and  S  are  placed  in  the 
arms  (Fig.  183)  BD  and  CD,  then,  by  the  adjustment  of 

the  resistances  P  and  Q  in 
the  other  arms  until  the  gal- 
vanometer   is    undeflected 
pressing  the    key, 


on 

shall  have 


we 


It  should  be  noted  that 
the  right-hand  member  of 
this  equation  is  the  recipro- 
cal of  the  one  used  when 
comparing  resistances  by 
the  bridge. 

During  the  test,  whilst 
adjusting  P  and  Q,  the 
Morse  key  has  the  contact 
made  at  b,  which  will  en- 
sure that  the  condensers 

are  kept  discharged.  When  the  adjustment  is  complete, 
whether  contact  be  made  at  a  or  6,  the  galvanometer 
should  be  undeflected. 

The  resistance  of  P  and  Q  should  be  high,  and  the 
number  of  cells  of  the  charging  battery  should  be  increased 
until  a  sufficiently  delicate  adjustment  can  be  made.  Ac- 
cording to  Glazebrook1  results  within  1  per  cent  of  the 
truth  should  be  easily  obtainable. 

1  See  R.  T.  Glazebrook  "On  a  Method  of  Comparing  the  Elec- 
trical Capacities  of  Two  Condensers,"  Pro.  Phys.  Soc.,  vol.  iv.  p. 
207. 
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LESSON  LXXX. — Comparison  by  the  Method  of 
Mixtures. 

176.  Apparatus. — As  in  the  previous  lesson,  with  the 
addition  of  a  Pohl's  commutator. 

Method. — For  cable  testing  a  special  key  is  used,  for 
which  an  ordinary  Pohl's  commutator  (see  Fig.  25),  with 
its  horizontal  wires  removed,  forms  a  good  substitute.  This 
is  seen  in  the  diagram  (Fig.  184).  By  moving  the  switch 


— I1!1!1!1!1!1!11 


Fig.  184. 


in  one  direction  the  mercury  cups  above  and  below  a  are 
placed  in  connection,  and  simultaneously,  but  quite  inde- 
pendently, the  cups  above  and  below  al  are  connected.  Call 
this  position  A.  By  moving  the  switch  in  the  other  direc- 
tion the  same  will  be  the  case  for  the  cups  above  and 
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below  b  and  6r  Call  this  position  B.  One  terminal  of  the 
galvanometer,  two  of  the  armatures  of  the  condensers  Fl 
and  F2,  and  the  wire  c  joining  the  resistance  boxes  Rx  and 
K2  are  connected  together.  They  are  also  shown,  as  would 
be  the  case  in  cable  testing,  connected  with  the  earth. 
Suppose  that  first  the  switch  is  in  the  A  position,  then  the 
condensers  will  become  simultaneously  charged  to  different 
and  opposite  potentials,  for  their  inner  armatures  are  placed 
in  contact  with  the  opposite  poles  of  a  battery,  whilst  their 
outer  armatures  are  earthed,  as  likewise  is  the  point  c.  If 
the  student  will  draw  a  diagram  of  the  fall  of  potentials 


Fig.  185. 


between  d  and  e  this  will  be  at  once  clear  (see  Fig.  185). 
Here,  if  Vx  and  V0  be  the  potentials  at  d  and  e,  then 


But  the  quantities  Qx  and  Q2,  with  which  the  condensers 
become  charged,  will  be 


and 


Now  put  the  switch  into  the  B  position,  the  key  k  being 
open,  when  the  charges  in  the  two  condensers  will  mix, 
and  if  equal  will  destroy  each  other,  so  that  on  closing 
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the  key  k  there  will  be  no  deflection  on  the  galvanometer. 
In  this  case 


In  the  application  of  the  method  to  cable  testing,  in 
which  the  copper  of  the  cable  forms  the  one  armature  of  a 
condenser  and  the  outside  metal  and  water  the  other,  the 
switch  is  placed  in  position  A  for  a  time  sufficient  to 
charge  the  cable  fully,  and  then  in  position  B  for  a  time 
sufficient  for  mixing.  To  avoid  the  eifects  of  absorption 
it  is  desirable  that  the  condensers  should  not  differ  much 
in  capacity.  Rt  and  R2  should  have  high  values,  and  the 
battery  power  should  be  sufficiently  high  and  the  galvan- 
ometer sufficiently  sensitive  to  allow  accurate  adjustment. 

177.  Instantaneous  Capacity.  —  The  student  will  now 
appreciate  the  difficulty  of  comparing  condensers  with  any 
high  degree  of  accuracy  by  any  of  the  preceding  methods. 
In  fact  a  condenser  cannot  be  said  to  have  any  true  capa- 
city, inasmuch  as  the  charge  that  it  will  take  depends 
upon  the  length  of  time  that  the  E.  M.  F.  is  applied.  If 
we  could  estimate  the  capacity  from  the  charge  produced 
by  unit  E.  M.  F.  in  a  very  brief  interval  of  time,  then  the 
capacity  so  measured  would  be  the  instantaneous  capacity. 
One  of  the  best  methods  of  determining  the  capacity  so 
defined  has  been  indicated  by  Maxwell  (see  Electricity  and 
Magnetism,  vol.  ii.  p.  375),  and  has  been  practically  applied 
by  J.  J.  Thomson  (see  Phil.  Trans.,  1883,  part  hi.)  Measure- 
ments by  this  method  should  be  made  by  the  advanced 
student,  who  should  also  consult  Phil.  Mag.,  August  1884, 
for  the  practical  details  of  the  method  described  by  Glaze- 
brook. 


CHAPTEE    IX. 
THE  ELECTEOMETER. 

178.  AN  electrometer  "  is  an  instrument  for  measuring  differ- 
ences of  electric  potential  between  two  conductors  through 
the  effects  of  electrostatic  force,  and  is  distinguished  from  the 
galvanometer,  which,  of  whatever  species,  measures  differ- 
ences of  electric  potentials  through  the  electro-magnetic  effects 
of  the  currents  produced  by  their  differences  "  (Thomson). 
The  types  of  electrometers  are  : — 

I.  Repulsion  Electrometers — 

(a)  Gold-leaf  electroscope  provided  with  a  means 
for  measuring  the  divergence  of  leaves. 

(b)  Peltier's  electrometer. 

(c)  Delmann's  electrometer. 

II.  Symmetrical  Electrometers — 

(d)  Hankel's  electrometer. 

(e)  Quadrant  electrometer. 

III.  Attracted  Disc  Electrometers — 
(/)  Absolute  electrometer. 

(g)  Portable  electrometer. 

IV.  Capillary  Electrometers — 
(h)  That  of  Lippmann. 

(k)  That  of  Siemens  and  Dewar. 

In  this  chapter  we  shall  restrict  ourselves  to  the  types 
(d),  (e)  and  (g)}- 

1  For  further  information,  see  Sir  William  Thomson's  Electrostatics 
and  Magnetism,  p.  260,  which  contains  elaborate  descriptions  of  types 


CH.  IX.] 


THE  ELECTROMETER. 


417 


179.  Precautions  in  Using  Electrometers. — It  will  be  well 
at  the  outset  to  warn  students  that  no  successful  work 
can  be  done  in  electrometry  if  attention  be  not  paid  to 
two  important  details,  namely,  thorough  insulation  and  the 
avoidance  of  chance  electrification  due  to  friction  of  neigh- 
bouring insulators. 

LESSON  LXXXI. — The  Electrometer  of  Hankel. 

180.  Apparatus. — We  find  this  simple  form  of  electro- 
meter  (Fig.    186)   con- 
venient.    It  consists  of 

a  shallow  box  12  cm. 
high,  10  cm.  broad, 
and  5  cm.  deep,  with 
a  sliding  door  of  glass. 
Through  the  sides  pass 
two  rods  of  brass,  ter- 
minating at  their  inner 
ends  in  two  discs  of 
brass  a  and  &,  and  at 
their  outer  ends  in  two 
binding  screws.  The 
rods  are  insulated  from 
the  box  by  ebonite 
(shown  black  in  the 
figure),  and  are  provided 

With    collars    of    ebonite  Fig.  ISG.-HANKEL'S  ELECTROMETER. 

near  the   binding  screws  for   the  purpose  of  insulating 

II.  and  III.,  many  of  them  being  the  invention  of  Thomson.  For  the 
description  of  Delmann's  electrometer  in  the  form  used  by  Kohlrausch, 
see  Wiedemann  I.  p.  156.  For  Lippmann's  capillary  electrometer,  see 
Jamin  IV.  (1)  p.  238.  Dewar's  simple  modification  will  be  found  in 
Nature,  p.  210,  1877.  For  general  descriptions  of  electrometers,  see 
Chrystal,  "Article  on  Electrometer "  in  Ency.  Brit.;  Bottomley  in 
the  South  Kensington  Science  Lectures  (vol.  i.)  (Macmillan) ;  and 
Munro  "On  the  Quadrant  Electrometer,"  Journal  Soc.  Tel.  Eng., 
vol.  ii.  p.  339. 

VOL.  II.  2  E 
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them  from  the  fingers,  when  they  have  to  be  slided  in  or  out. 
A  third  rod,  the  electrode,  similar  to  the  others,  but  support- 
ing a  gold  leaf  c,  passes  through  the  top  of  the  box.  The 
outside  of  the  box,  with  the  exception  of  the  strips  of  ebonite 
and  the  middle  of  the  sliding  window,  is  coated  with  tinfoil 
for  the  purpose  of  protection  from  external  electrification. 
For  charging  the  plates,  instead  of  using  the  dry  pile  of 


Fig.  187.— A  WATER  BATTERY. 

Zamboni  that  Bohnenberger  applied  to  his  electroscope, 
we  shall  make  use  of  a  simple  form  of  battery,  consisting 
of  from  100  to  200  cells,  with  zinc  and  copper  plates,  and 
charged  with  water.  The  cells  for  this  battery  consist  of 
small  glass  specimen  tubes  5  cm.  high  and  1  cm.  in 
diameter.  The  battery,  which  should  be  well  insulated, 
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may  conveniently  be  mounted  as  in  Fig.  187,  and  provided 
with  a  number  of  terminals  whereby  20,  40,  60,  etc.,  cells 
may  be  employed  as  desired. 

When  the  instrument  is  in  use  the  plates  are  charged 
to  equal  and  opposite  potentials  by  connection  with  the 
two  poles  of  the  water  battery,  whose  middle  is  put  to 
earth.  The  gold  leaf,  which  is  earth-connected,  should  lie 
symmetrically  between  the  two  plates.  When  we  wish  to 
find  the  difference  of  potential  of  a  source  of  electrification 
from  the  earth  the  gold  leaf  is  connected  with  the  source, 
and  the  movement  of  the  leaf  from  the  one  plate  to  the 
other  is  measured.  The  measuring  instrument  consists  of 
the  cathetometer  microscope  of  Quincke  (see  Vol.  I.  p.  42). 

For  use  with  electrometers  we  require  a  special  form 
of  reversing  key.  The  requirements  of  such  a  key  will 
be  understood  from  the  diagram  (Fig.  188), 
in  which  a,  b,  c  and  d  are  four  mercury  cups. 
With  c  and  d  the  two  poles  of  a  battery 
under  test  are  connected,  whilst  a  is  con- 
nected with  the  electrode  of  the  electro- 
meter, and  b  is  connected  with  the  external  

case  of  the  electrometer,  which  is  connected          Fig  188 
with  the  earth,  and  may  be  regarded  as 
the  other  electrode.     The  operations  with  the  key  would 
be  as  follows  : — 

(1.)  Connect  a  with  b,  this  will  earth  both  electrodes, 
and  remove  any  charge  from  them. 

(2.)  Disconnect  a  and  5,  connect  a  and  c,  also  b  and 
d,  a  will  receive,  say,  a  +  charge  and  d  will  be  put  into 
contact  with  the  earth. 

(3.)  Disconnect  a  and  c,  also  b  and  d.  Connect  a  and  b 
to  discharge  the  electrometer. 

(4.)  Disconnect  a  and  b,  and  connect  a  and  d,  also  b 
and  c,  a  will  now  receive  a  negative  charge  whilst  c  will 
be  earthed. 

These  operations  may  be  performed  by  the  aid  of  a 
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suitably  arranged  switch  key,  such  as  the  reversing  key 
provided  with  Thomson's  quadrant  electrometer.1 

Method  of  Using  the  Instrument  for  Comparing  two  E.  M.  Fs. 
— Connect  the  two  plates  to  the  poles  of  the  water  battery, 
which  should  be  provided  with  an  ordinary  commutator. 
The  plates  must  be  at  equal  and  opposite  potentials.  To 
ensure  this  the  middle  of  the  battery  should  be  earthed. 
Connect  a  of  the  electrometer  key  with  the  gold  leaf,  and 
b  with  the  outside  of  the  electrometer,  which  should  be 
earthed. 

Focus  the  cathetometer  microscope  on  some  irregularity 
on  the  end  of  the  gold  leaf,  which  latter  should  be  mean- 
while earthed. 

The  battery  whose  E.  M.  F.  is  to  be  measured  is  con- 
nected with  c  and  d,  and  then  the  operations  with  the  key 
are  gone  through.  • 

The  number  of  scale  divisions  that  the  end  of  the 
gold  leaf  passes  over  when  it  is  made  +  and  then  -  will 
be  proportional  to  the  E.  M.  F.  of  the  battery.  The 
process  should  be  repeated  with  a  second  and  standard 
battery. 

Example. — Fifty  cells  of  a  water  battery  gave  a  deflec- 
tion of  95  micrometer  scale  divisions,  and  20  cells  of  a 
Latimer  Clark  battery  gave  60  divisions,  hence  the  E.  M.  F. 
of  the  water  battery  per  cell  is 

95x20x1-457 

60x50        ='92VQlt 

Theory  of  the  Instrument. — We  shall  presently,  in  a 
general  manner,  prove  that  in  a  symmetrical  electrometer 
the  resultant  attraction  F  of  the  movable  part  at  poten- 
tial Vj,  towards  the  plate  of  lower  potential,  is  expressed  by 

1  A  really  good  electrometer  key  is  a  desideratum.  Keys  insulated 
by  ebonite  are  apt  to  become  electrified.  Dr.  Lodge  has  designed  a 
simple  key  with  low  capacity  that  has  many  advantages  above  the  keys 
commonly  in  use. 
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.         .     (1) 

where  V2  and  V3  are  the  potentials  of  the  symmetrically 
placed  fixed  conductors. 

In  Hankel's  electrometer  the  fixed  conductors  are  made 
of  equal  and  opposite  potentials,  or  V3  =  -  V0,  hence  in 
this  case  the  above  formula  becomes 

F  =  2  constant  x  V^. 

Now  the  resultant  attraction  is  measured  by  the  num- 
ber of  divisions  d  that  the  gold  leaf  moves  over  from  its 
zero  position,  hence  as  long  as  V3  is  constant  we  simply 
write 

d  =  some  constant  x  Vx      .        .         .        .     (2) 

or  the  potential  Vx  is  simply  proportional  to  d. 

Further  Experiments  with  the  Electrometer. — (1.)  The 
above  simple  result  depends  upon  the  condition  V3  =  -  V^ 
To  ensure  the  fulfilment  of  this  condition,  we  have 
directed  that  the  middle  of  the  water  battery,  consisting 
say  of  100  cells,  should  be  earthed.  If  the  cells  were  all 
of  the  same  resistance  and  of  equal  E.  M.  F.,  it  would  be 
only  necessary  to  earth  the  connection  between  the  50th 
and  51st  cell.  Since  we  have  no  right  to  make  this  sup- 
position the  middle  point  should  be  ascertained  experi- 
mentally. 

Referring  to  formula  (1)  we  see  that  when  we  reverse 
V2  and  V3,  as  occurs  when  we  change  the  water  battery 
commutator,  F  simply  changes  sign,  but  when  we  change 
the  sign  of  Vlf  F  alters  its  magnitude  unless  V3  =  -  V2. 
This  gives  us  therefore  one  method  of  ascertaining  whether 
the  middle  point  of  the  battery  has  been  earthed.  We 
further  notice  that  if  Vj  is  the  mean  of  V2  and  V3,  then  F 
becomes  zero.  Now  the  potential  of  the  true  middle  point 
of  a  battery  is  always  the  mean  of  the  potentials  at  its  two 
ends.  Hence,  if  a  wire  be  connected  from  the  gold  leaf 
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to  various  points  of  the  battery,  when  we  reach  the  true 
middle  there  will  be  no  deflection.  These  experiments 
should  be  made. 

(2.)  Again  referring  to  formula  (1),  if  V2  were  made 
equal  to  V1?  a  condition  we  obtain  when  only  one  battery 
is  used,  and  one  of  its  poles  is  both  connected  with  the 
gold  leaf  and  one  of  the  plates,  then 


which  has  the  convenient  property  that  if  Vj  and  V3  both 
be  made  to  change  places  by  using  the  commutator,  F  would 
still  remain  unchanged  in  sign  and  magnitude.  Now 
this  is  precisely  the  condition  that  makes  an  instrument 
applicable  for  the  measurement  of  alternate  currents,  and 
has  been  so  applied  by  Joubert.  This  should  be  verified 
experimentally. 

181.  Attraction  between  two  parallel  Plates.  —  Consider  two 
parallel  plates  A  and  B  (Fig.  189)  very  close  together,  of 

which  B  is  kept  charged  to  a  poten- 

—  p  —  —  —  ^4.  tiai  y?  whilst  A  is  earth-connected 

+p   __  B    and  at  zero  potential.     Under  these 

Fig.  189.  circumstances     they     will     become 

equally  and  oppositely  charged,  so 

that  if  +  p  be  the  quantity  of  electricity  per  unit  area  or 
density  of  B,  -  p  will  be  the  density  of  A.  Neglecting  the  con- 
sideration of  the  electrification  at  the  back  of  the  plates  and 
the  want  of  uniformity  at  their  edges,  the  attraction  of  B  for 
unit  of  area  of  A  will  be,  since  this  unit  area  has  p  units  of 
electricity  (see  Appendix  B,  Art.  4),  2?rp  x  p  =  27iy>2,  or  if 
the  area  of  A  be  S,  the  whole  normal  electrical  attraction  F 
of  B  for  A  will  be 

F=2irp»S      .....    (1) 

But  since  the  plates  are  close  together,  the  resultant  force 
R  on  an  electrical  unit  placed  between  them  will  be  com- 
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posed  of  an  attraction  2irp  (Appendix  B)  to  the  one  plate, 
and  of  a  repulsion  Zirp  from  the  other,  so  that  this  force 
will  be 

R-47TP  .  .  .  .  .        (2) 

Another  definition  of  this  resultant  force  is  the  rate  of 
fall  of  potential  per  unit  length.  Hence  if  D  be  the  dis- 
tance between  the  plates — 

R=4       •       •••       •    (3) 
From  (2)  and  (3) 

p 
which  value  of  p  inserted  in  (1)  gives 

(4) 

The  last  equation  expresses  V  in  quantities  that  may  be 
determined  by  direct  measurement.  To  find  F,  the  attrac- 
tion of  B  for  A,  the  latter  may  be  suspended  from  the  arm 
of  a  balance,  and  the  attraction  actually  measured  by 
weights  placed  in  the  balance-pan.  An  electrometer  of 
such  a  description  is  called  an  Absolute  Electrometer, 
and  the  quantity  that  multiplies  D  is  the  constant  of  the 
instrument,  which  may  be  called  a.  If  the  potential  of  A 
had  been  V,  instead  of  zero,  we  should  have  had 

V-V^Dja (5) 

where  Dx  is  the  distance  that  the  plates  must  now  be  apart 
in  order  that  the  force  of  attraction  may  again  be  F.  Hence 
from  (4)  and  (5) 

Yj-CD-DJa (6) 

an  expression  in  which  differences  of  distance  are  only 
concerned. 

182.  Sir  William  Thomson's  Attracted  Disc  Electrometer.— 
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To  make  the  above  formula  applicable  in  practice  Sir 
William  Thomson  makes  the  attracted  disc  form  the  mov- 
able centre  of  a  large  plate,  called  the  guard  ring,  whilst  the 
attracting  plate  is  of  much  larger  size  than  the  disc.  Fig. 
190  shows  a  diagrammatic  section  of  an  electrometer 
on  this  principle.  The  disc  db,  shown  supported  by  a 
spring,  is  surrounded  on  all  sides  by  the  guard  ring  gr 
and  r'g'9  which  is  accurately  in  the  same  plane  as  ab  when 
the  attracting  plate  C  is  a  certain  distance  from  the  disc. 
This  position  is  called  the  sighted  position.  To  use  the 
instrument  the  guard  ring  and  disc  are  first  charged  to  a 
high  potential  V,  and  then  C  having  been  earth-connected, 


3' 


Fig.  190. 


is  moved  up  or  down  by  means  of  a  micrometer  screw  until 
ab  is  in  the  sighted  position.  Call  the  reading  of  the 
micrometer  head  r.  Now  repeat  the  experiment  when  C 
is  at  the  potential  V1?  then  from  the  last  article,  supposing 
^  to  be  the  new  reading, 


which  would  give  us  Vx  if  we  had  a  knowledge  of  the 
constant  a.  Failing  this  we  can  only  make  comparative 
measurements.  Thus,  if  a  new  potential  Y2  and  a  new 
reading  rQ  were  obtained,  then 
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An  electrometer  of  the  type  of  Fig.  190,  in  which  the 
force  of  attraction  is  balanced  against  a  spring,  is  called  a 
Portable  Electrometer. 

LESSON  LXXXIL— The  Portable  Electrometer. 
183.  Apparatus. — In  Fig.  191   is  shown  the  improved 


Fig.  191. — THE  PORTABLE  ELECTROMETER. 

portable  electrometer  of  Thomson  and  Jenkin.    It  consists  of 
a  cylindrical  brass  box,  9  cm.  in  diameter  and  10  cm.  high, 
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within  which  fits  a  cylindrical  glass  jar.  The  brass  casing 
has  four  windows,  through  which  at  the  bottom  of  the  jar 
may  be  seen  the  guard  plate.  The  lid  of  the  instrument 
bears  the  micrometer  head  M  and  the  guard  tube  E  of  the 
electrode,  over  which  fits  the  umbrella  V.  The  micrometric 
arrangement  adopted  by  Thomson,  and  afterwards  improved 
by  Jenkin,  is  an  exceedingly  ingenious  piece  of  screw 
mechanism,  which  gives  an  accurate  up  and  down  move- 
ment of  the  disc  D  and  prevents  "back  lash." 

A  section  of  the  bottom  of  the  jar  is  seen  in  Fig.  192, 
where  hh  is  the  guard  plate  and  /  the  movable  disc.  The 
latter  consists  of  a  spade-shaped  piece  of  sheet  aluminium, 


Fig.  192.— SECTION  OF  PORTABLE  ELECTROMETER. 

the  square  end  of  which  very  nearly  fills  up  the  hole  in  the 
guard  plate.  It  is  supported  by  a  platinum  wire  that 
passes  tightly  through  two  holes  in  the  aluminium  at  the 
point  i.  In  the  section  the  wire  cannot  be  seen,  for  it  lies 
in  a  direction  at  right  angles  to  the  plane  of  the  paper. 
The  platinum  wire  is  secured  at  its  ends  to  two  springs,  so 
as  always  to  remain  tight.  The  attraction  of  the  disc 
upwards  by  the  charged  plate  g  is  resisted  by  the  torsion 
of  the  wire,  which  is  by  means  of  certain  adjustments  so 
regulated  that  when  the  disc  and  guard  plate  are  in  the 
same  plane  the  handle  k  of  the  aluminium  lever  rests  mid- 
way between  two  stops,  and  is  then  in  the  sighted  position. 
To  know  with  accuracy  that  this  is  the  case,  the  end  k  is 
forked  and  has  stretched  between  the  prongs  of  the  fork  a 
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fine  opaque  black  hair,  which  passes  in  front  of  a  plate  of 
white  enamel  (see  Fig.  191),  having  two  black  dots  so  :  upon 
it.  When  the  hair  is  seen  to  be  between  the  dots,  by  the 
use  of  the  simple  lens  m,  the  disc  is  in  the  required  position. 

The  bottom  of  the  instrument  up  to  the  level  of  the 
guard  plate  forms  a  shallow  Leyden  jar ;  the  glass  jar  is 
coated  with  tinfoil  both  inside  and  outside,  the  latter  being 
in  connection  with  the  brass  casing.  To  see  the  hair  a 
portion  of  the  tinfoil  covering  of  the  glass  under  the  guard 
plate  must  be  removed.  This  will  cause  a  disturbance  of 
the  uniformity  of  the  electric  distribution.  To  dimmish  this 
as  much  as  possible,  a  screen  of  wire -fencing  in  connec- 
tion with  the  inner  coating  is  employed  ;  the  cut  ends  of  the 
wires  will  be  seen  in  Fig.  192. 

A  light  spiral  spring  r  (  Fig.  192)  connects  D  (Fig.  191) 
to  the  electrode,  which  is  insulated  by  the  glass  stem  g2 
(Fig.  191).  The  electrode  passes  freely  through  its  guard 
tube  without  connection,  but  may  be  connected  with  it  by 
placing  V  (the  umbrella)  over  E.  The  umbrella,  when  some- 
what raised,  will  leave  the  electrode  insulated,  and  hence 
serves  for  the  purpose  of  a  wind  guard  when  the  electro- 
meter is  used  for  outdoor  purposes. 

The  leaden  box  H  may  be  fixed  to  the  under  side  of  the 
lid.  It  is  intended  to  contain  pumice  that  has  been 
moistened  with  sulphuric  acid  for  the  purpose  of  drying 
the  interior  of  the  instrument.  It  is  screwed  into  its 
position  without  touching  the  brass  work. 

To  Prepare  the  Instrument  for  Use. — Boil  some  strong 
sulphuric  acid  with  a  few  crystals  of  ammonium  sulphate, 
in  order  that  any  nitrogen  compounds  that  are  often  present 
in  sulphuric  acid,  and  which  would  injure  the  metal- 
work,  may  be  destroyed.1  Take  out  the  pumice  from  the 
leaden  box  and  heat  it  to  redness.  When  cool  replace  it 

1  The  acid  should  be  boiled  in  a  porcelain  dish  in  a  fume  cupboard 
by  means  of  a  large  Bunsen's  burner.  The  boiled  acid  should  be  kept 
in  a  well-stoppered  bottle  labelled  "Acid  for  Electrometers." 
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in  the  box,  and  by  means  of  a  pipette  place  a  few  drops  of 
acid  on  different  parts  of  the  pumice.  Excess  of  acid  must 
be  avoided,  the  quantity  added  should  not  make  the  surface 
moist.1  The  leaden  box  must  now  be  screwed  into  its 
position  underneath  the  lid. 

Clean  the  inner  surface  of  the  glass  jar,  and  remove  any 
particles  of  dust,  shreds,  etc.,  especially  from  the  guard  plate 
and  the  aluminium  and  upper  discs.  Thoroughly  warm 
the  instrument  and  screw  on  the  lid. 

Method  of  Charging. — We  next  proceed  to  charge  the 
Leyden  jar.  The  charge  may  either  be  positive  or  nega- 
tive, but  the  former  is  preferred,  for  a  positive  charge  is 
found  to  dissipate  less  rapidly.  For  the  purpose  a  small 
electrophorus  is  usually  provided  with  the  instrument,  but 
a  small  Voss  or  Wimshurst  influence  machine  forms  a  more 
convenient  source  of  electricity.  The  operations  of  charg- 
ing are  as  follows  : — (1.)  Move  the  attracting  plate  by  the 
micrometer  near  to  its  highest  position,  otherwise  too 
strong  a  force  of  attraction  may  be  exerted  on  the  alumin- 
ium disc,  and  the  jar  may  discharge  itself.  (2.)  Next  see 
that  the  umbrella  is  down,  so  that  the  upper  plate  is  earthed. 
(3.)  Uncover  the  hole  in  the  cover  of  the  instrument  and 
pass  down  a  wire,  insulated  from  the  case  by  a  collar  of 
ebonite,  so  that  its  bared  end  rests  upon  the  guard  plate. 
Give  successive  small  sparks  to  the  upper  end  of  the  wire 
until  the  hair  is  beneath  the  lower  dot.  Now  remove  the 
wire  by  means  of  its  insulating  covering,  and  close  the 
aperture  in  the  lid. 

Testing  the  Instrument. — Place  the  instrument  at  a  con- 

1  We  find  it  far  more  convenient  to  use  instead  of  pumice-stone 
threads  of  asbestos  or  asbestos-paper  packed  tightly  at  the  bottom  of 
the  leaden  jar.  The  asbestos  should  be  just  moistened  with  sulphuric 
acid.  It  will  be  well  to  add  here  that  since  the  sulphuric  acid  is  con- 
tinually absorbing  moisture,  there  may,  if  the  acid  is  not  changed 
periodically,  be  a  destruction  of  the  working  parts  of  the  instrument. 
On  this  account  Sir  William  Thomson  has  caused  to  be  engraved  on 
the  case  the  warning,  "Dangerous,  if  pumice  not  dried  monthly." 
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venient  height  on  a  firm  slab  and  in  a  good  light.  Turn 
the  micrometer  screw,  and  tap  the  instrument  meanwhile — 
for  the  end  of  the  lever  is  apt  to  stick  against  the  stops — 
until  the  hair  comes  between  the  two  spots  on  the  enamel 
plate.  Now  proceed  to  make  a  careful  setting  of,  say,  the 
upper  boundary  of  the  hair,  making  it  to  coincide  exactly 
with  some  easily  recognisable  irregularity  on  the  lower  edge 
of  the  upper  dot.  To  avoid  parallax  the  position  of  the  eye 
must  be  such  that  the  hair  never  appears  convex,  whether  it 
be  viewed  from  above  or  from  below.  Where  the  instrument 
is  required  for  laboratory  uses  it  is  better  to  remove  the 
simple  lens  and  take  the  readings  by  means  of  a  small 
compound  microscope  of  low  magnifying  power  that  is 
placed  on  a  separate  stand. 

After  an  accurate  setting  has  been  made  the  reading 
should  be  taken.  Settings  and  readings  should  be  made  re- 
peatedly until  they  are  consistent  to  within  ^  of  a  division. 
If  it  is  found  that  the  plate  has  gradually  to  be  brought 
nearer  the  disc  the  instrument  is  leaking,  and  the  processes 
of  drying  and  cleaning  the  instrument  must  be  repeated. 

Use  of  Instrument  for  Comparing  E.  M.  F. — One  pole  of 
the  battery  under  test  should  be  connected  through  an 
electrometer  key  with  the  electrode  by  passing  a  wire 
through  the  hole  in  the  top  of  the  umbrella.  The  other 
pole  is  connected  with  the  case  of  the  instrument,  which 
latter  should  be  earthed.  Readings  should  be  taken  in 
the  three  positions  of  the  commutator. 

Example. — Determination  of  the  value  of  the  constant 
by  means  of  20  Clark's  cells  of  E.  M.  F.  29  volts. 

POSITION  OF  COMMUTATOR. 

Up.  Earth.  Down. 

Readings         .        .         .     10 '588         10728         10 '870 

Differences 

Sum  of  differences  . 
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Thus  the  difference  of  potential  between  the  +  and  - 
poles  is  equal  to  *282  large  divisions,  or  each  small  divi- 
sion is  equal  to  .2822^  1QO  =  1'06  volt. 

184.  Theory  of  a  Symmetrical  Electrometer.  —  Let  A  de- 
note the  movable  part  of  the  electrometer,  also  let  B 
denote  one  fixed  conductor  and  C  the  other.  We  have 
thus  three  conductors,  A,  B  and  C.  Further,  let  these 
conductors  be  kept  respectively  at  the  potentials  Vj,  V2 
and  V3. 

Now  when  A  is  lying  in  its  zero  position  it  may  be 
supposed  to  form  two  condensers,  one  with  the  conducting 
system  B  and  another  with  the  conducting  system  C.  If 
A  moves  in  either  direction  the  capacity  of  the  one  con- 
densing system  will  be  increased  and  that  of  the  other  will 
be  diminished.  Further,  if  6  denote  the  angular  change 
of  position,  and  if  this  be  comparatively  small,  we  may 
imagine  this  change  of  capacity  to  be  proportional  to  0. 
Let  us  call  it  cO. 

It  follows  from  the  definition  of  capacity  that  the 
amount  of  free  electricity  lost  in  the  A  and  B  system  of 
condensers  as  A  goes  from  B  to  C  will  be  for  A  c@(Vl  -  V2) 
and  for  B  cO(V2  —  Vj).  Again,  the  amount  of  electricity 
gained  in  the  A  and  C  system  on  account  of  this  motion 
of  the  needle  will  be  for  A  c6(V1-V3)  and  for  C 


Now  the  work  expended  in  charging  a  conductor  with 
the  quantity  Q  up  to  the  potential  V  will  be  JQV.  This 
will  be  manifest  if  we  reflect  that  when  the  first  portions 
of  the  charge  are  communicated  the  potential  is  very  low, 
its  final  value  being  V.  We  may  therefore  regard  JV 
as  its  average  value,  and  hence  from  the  definition  of  poten- 
tial JQV  will  denote  the  work  expended  in  charging 
the  conductor.  Hence  also  if,  while  the  potential  remains 
the  same  the  quantity  is  reduced  to  Q',  then,  since  the 
energy  of  the  system  will  now  be  JQ'V,  it  is  evident  that 
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a  quantity  of  energy  has  been  taken  from  the   system 


Now  when  we  have  a  condenser,  one  of  whose  plates  is 
movable,  the  tendency  of  this  is  to  lie  as  close  as  possible 
to  the  other  fixed  plate.  Any  effort  to  separate  the  plates 
is  therefore  made  against  electrical  forces.  It  will  thus 
imply  work  spent  upon  the  movable  plate,  the  amount  of 
which  is  to  be  measured  by  the  energy  withdrawn  from 
the  system. 

Applying  these  principles  to  the  case  before  us,  we  see 
that  the  weakening  of  the  A  and  B  system  on  account  of 
the  motion  of  A  implies  the  following  work  spent  upon  the 
needle  :  — 

-V!)}      ...    (1) 


On  the  other  hand,  the  motion  of  A  with  respect  to  the 
condensing  system  A  and  C  represents  the  following  energy 
gained  by  the  needle  :  — 


...    (2) 

Hence  the   whole  energy  gained  by  the  needle  will  be 
(2)-(l),  or 

^-V^-Xs+Iaj          ...     (3) 

Now  this  would  likewise  be  the  energy  produced  by  a 
similar  motion  under  a  couple  whose  moment  is 

...     (4) 

The  expression  admits  of  simplification  when  Vl  is  large 
compared  with  V2  and  V3,  for  then  we  may  write  — 

F^Va-V^.        ...  (5) 

185.  The  Quadrant  Electrometer.  —  The  simplest  type  of 
a  symmetrical  electrometer  is  that  of  Hankel,  but  the  one 
most  in  use  is  the  quadrant  electrometer.  The  fixed  con- 
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ductors  are  four  quadrantal  metal  boxes,  I,  II,  la  and 
Ha  (see  Fig.  193),  supported  horizontally  by  glass  insula- 
tors. The  edges  of  the  quadrants  nearly  touch,  so  that 

they  form  a  hollow  cylinder, 
divided  by  two  rectangular  slits. 
Within  them,  supported  by  a 
bifilar  suspension,  is  the  needle. 
The  opposite  quadrants  are 
connected  together.  When  the 
needle  and  quadrants  are  at 
the  same  potential  the  needle 
is  made  to  lie  with  its  axes  of 
symmetry  parallel  to  the  inner 
edges  of  the  quadrants,  with 
reference  to  which  it  is  sym- 
metrically placed.  But  when 
in  use  the  needle  is  raised  to 
a  high  potential  Vp  whilst  the 
two  sets  of  quadrants  are  brought  to  the  much  lower 
potentials  V2  and  V3. 

The  needle  will  therefore  be  deflected  until  there  is 
equilibrium  due  to  the  couple  derived  from  equation  5, 
and  that  resulting  from  the  resistance  of  the  bifilar 
arrangement  to  turning.  The  deflection  of  the  mirror 
needle  is  measured  by  the  mirror  and  scale  method.  Hence 
the  angular  movement  may  be  regarded  as  small,  so  that 
the  following  equation  will  be  true  as  long  as  the  charge 
of  the  needle  remains  the  same — 

d  =  some  constant  x  V, 

where  d  is  the  deflection  in  scale  divisions,  and  V  the  differ- 
ence of  potential  between  the  two  quadrants. 


Fig.  193. 


LESSON  LXXXIII. — The  Quadrant  Electrometer. 
186.  Apparatus. — We  shall  restrict  our  description  to  the 
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most  complete  type  of  Sir  William  Thomson's  instrument, 
known  as  the  White  Pattern.  It  is  largely  used  for  the 
purpose  of  cable  testing.  There  are  other  simpler  forms  1 
of  the  instrument  which  are  very  convenient,  indeed  the 
student  may,  with  little  labour,  construct  an  instrument 
that,  in  conjunction  with  a  water  battery,  may  be  employed 
for  the  measurements  of  this  chapter. 

Figs.  194  and  195  show  the  instrument  complete.2 

The  parts  of  the  instrument  are — 

(1.)  The  outer  brass  framework,  supported  by  ebonite 
levelling  screws. 

(2.)  The  Leyden  jar,  consisting  of  an  inverted  bell  jar 
containing  sulphuric  acid.  The  jar  is  coated  externally 
with  strips  of  tinfoil  in  connection  with  the  outer  frame- 
work The  jar  is  not  completely  coated,  but  windows  are 
left  through  which  the  inside  may  be  seen. 

(3.)  The  jar  is  covered  by  the  main  cover,  on  the  top  of 
which  may  be  seen — 

(a)  Micrometer  heacl  M  for  adjusting  one  of  the  quad- 

rants. 

(b)  The  electrode  of  the  induction  plate. 

(c)  The  head  of  the  replenisher. 

(d)  The  electrodes  A,  B,  and  C. 

(e)  The  circular  level. 
(/)  The  lantern. 

(4. )  On  the  inside  of  the  main  cover  are — 

(a)  The  quadrants. 

(b)  The  induction  plate  above  one  of  the  quadrants. 

(c)  The  aluminium  needle. 

(5.)  Within  the  lantern  is  seen  the  glass  stem  supporting 
the  attracting  plate,  and  above  the  lantern  is  the  gauge,  which 
is  really  a  portable  electrometer.  The  attracting  plate 

1  Such  as  Elliott's  Lecture  Pattern,  and  the  instruments  of  Kohl- 
rausch  and  Mascart. 

2  We  have  reproduced  these  figures  with  some  changes  from  Gordon's 
Electricity  and  Magnetism,  which  should  be  consulted. 

VOL,  II.  2  F 
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supports,  by  a  biftlar  suspension,  the  mirror  and  needle. 
From  the  bottom  of  the  last  is  suspended  a  fine  platinum 
wire,  having  a  platinum  weight  at  its  end.  The  weight 


Fig.  194. — THE  QUADRANT  ELECTROMETER. 

and  the  lower  portion  of  the  wire  are  immersed  in  the 
sulphuric  acid.  The  upper  portion  of  the  wire  passes 
through  a  protecting  tube. 

(6.)  The  method  of  suspension  of   the  needle   allows 
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either  fibre  to  be  raised  or  lowered,  or  the  upper  ends 
to  be  more  or  less  separated,  according  to  the  degree  of 
sensibility  required.  These  adjustments  are  made  by  the 


Fig.  195. — SECTION  OF  QUADRANT  ELECTROMETER. 

help  of  two  screw  keys,  which,  when  not  in  use,  are  kept 
near  the  place  marked  "main  cover"  (Fig.  194). 

(7.)  The  needle  is  of  the  thinnest  sheet  aluminium  that 
will  give  the  necessary  stiffness.     It  is  cut  in  the  form  of  a 
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flat  dumb-bell  or  canoe-paddle.  Its  area  is  4 '2  sq.  cm.,  and 
it  weighs  '07  gm. 

(8.)  The  gauge  is  really  a  secondary  electrometer  of  the 
attracted  disc  type. 

(9.)  The  quadrants.  One  of  them  may  be  moved  by 
the  screw  M,  the  others  by  sliding.  The  quadrant  having 
the  induction  plate  above  it  is  provided  with  a  disinsulator, 
which  is  simply  a  brass  arm  mounted  on  a  vertical  axis,  so 
that  by  turning  a  milled  head  on  the  main  cover  the  brass 
arm  may  be  caused  to  touch  the  quadrant  and  so  remove 
any  charge. 

(10.)  The  Replenishes  This  is  a  simple  influence 
machine,  by  rotating  which  the  charge  of  the  needle  may 
be  increased  or  lessened.  For  a  description  of  it  the 
ordinary  text  books  must  be  consulted. 

Preparing  the  Instrument  for  Use. — The  exact  details  of 
the  adjustments  are  given  in  a  pamphlet l  issued  with 
the  instrument.  We  shall  therefore  suppose  that  the 
instrument  is  in  the  position  for  use,  with  its  lamp  and 
scale  arranged  at  a  distance  of  about  a  metre  from  the 
mirror. 

Charging  the  Instrument. — (1.)  Twist  a  fine  copper  wire 
round  the  charging  electrode  C,  fasten  it  by  the  bind- 
ing screws  to  the  electrodes  A  and  B,  to  the  induction 
plate  electrode,  and  to.  one  of  the  binding  screws  on 
the  main  cover.  Raise  C  and  turn  it  clock-wise.  This 
will  bring  it  into  contact  with  the  metal -work  and  in 
electrical  communication  through  the  acid  with  the  needle. 
The  reflected  image  should  now  be  at  the  middle  of  the 
scale. 

(2.)  Disconnect  the  wire  from  C  and  give  the  needle  a 
positive  charge  by  a  succession  of  small  sparks  from  an 
electrophorus  until  the  hair  of  the  aluminium  balance  of 
the  gauge  rises.  Make  an  exact  adjustment  of  the  hair  by 

1   "  Directions  for  the  Adjustment  and  Use  of  the  Quadrant  Electro- 
meter," drawn  up  by  W.  Leitch. 
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means  of  the  replenisher,  tapping  meanwhile  the  gauge  to 
free  the  end  of  the  lever  from  the  stops. 

(3.)  The  effect  of  charging  the  jar  will  probably  be  that, 
owing  to  want  of  symmetry  of  the  quadrants,  the  needle 
will  be  deflected.  By  means  of  the  micrometer  screw  and 
sliding  the  quadrants  in  or  out  the  reflection  must  be 
brought  back  to  the  middle  of  the  scale. 

Method  of  comparing  E.  M.  Fs.  not  greater  tlian  4  Volts. — 
Connect  with  the  electrometer  key  (Fig.  188,  p.  419)  as 
follows  : — a  and  b  with  electrodes  A  and  B.  A  is  also  con- 
nected with  one  of  the  binding  screws  on  the  main  cover, 
and  B  is  connected  with  the  electrode  of  the  induction 
plate.  The  poles  of  the  battery  are  connected  with  c  and  d 
of  the  key.  Readings  are  taken  in  the  three  positions  of 
the  key.  The  deflection  on  both  sides  of  the  zero  position 
should  be  equal 

Method  of  comparing  E.  M.  Fs.  not  greater  tlian  100  Volts. 
— Everything  being  as  before,  we  raise  the  electrode  B  out 
of  contact  with  its  quadrant.  The  only  charge  that  will 
be  received  by  this  quadrant  will  be  due  to  what  may  be 
induced  by  the  induction  plate  above  it.  Hence  the  sensi- 
bility of  the  instrument  will  be  so  diminished  that  E.  M.  Fs. 
as  high  as  100  volts  will  come  within  the  range  of  the  scale. 
Should  the  act  of  raising  the  electrode  cause  an  induced 
charge,  producing  a  deflection  of  the  needle,  it  will  be 
necessary  to  pui  the  quadrant  into  connection  for  a  short 
time  with  the  case  by  turning  the  milled  head  of  the  dis- 
insulator. 

187.  Other  Uses  of  the  Electrometer. — (1.)  The  electro- 
meter may  replace  the  galvanometer  in  many  tests,  such  as 
the  following : — 

(a)  Internal  Resistance  of  Battery. — The  deflection  is 
observed  with  the  battery  in  open  circuit,  and 
then  with  a  shunt  between  its  poles.  The  formula 
of  Art.  172  is  then  applied. 
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(b)  Resistance  of  a  Conductor. — Replace  the  high  resist- 

ance galvanometer  of  Lesson  XXX.  by  the  electro- 
meter. 

(c)  Measurement  of  Capacities. — Replace  the  galvanometer 

of  Lesson  LXXX.  by  the  electrometer. 
(2.)  For  cable  work  the  electrometer  is  convenient, 
especially  for  determining  the  insulation  resistance  of  the 
cable.  The  method  consists  in  observing  the  time  T  in 
seconds  that  the  cable  charged  as  a  condenser  of  capacity 
F  takes  in  falling  from  the  potential  V  to  v.  The  formula 


xi,  —  -  Y 

2-303  F  log  — 

v 

gives  the  insulation  resistance.1 

1  For  details,  see  Journal  Tel.  Eng.,  vol.  ii.  pp.  174  and  351.  The 
method  may  also  be  applied  to  find  the  insulation  resistance  of  ebonite, 
etc.,  insulators.  See  Gray,  Absolute  Measurements,  p.  112. 


APPENDIX. 

A. 
THE  WHEATSTONE  NET. 

1.  IN  describing  the  measurement  of  resistance  by  means  of  the 
Wheatstone's  bridge  nothing  was  said  about  the  best  values  to 
give  to  the  arms  in  order  to  determine  the  unknown  resistance 
with  the  greatest  possible  exactness.  A*  complete  discussion  of 
these  conditions  requires  a  perfect  familiarity  with  certain 
corollaries  of  Ohm's  law  known  as  KirchhofFs  Laws.  We 
shall  in  this  Appendix  endeavour  to  explain  these  laws,  and 
apply  them  to  a  system  of  resistances  arranged  after  the  manner 
of  the  Wheatstone's  bridge,  and  which  may  be  called  the 
Wheatstone's  Net,  a  net  or  network  being  the  general  term 
for  a  system  of  interlaced  resistances. 

Let  us  consider  two  points,  A  and  B  (Fig.  1),  in  a  conductor 
conveying  a  current  of  electricity,  the  resistance  between  the 


Fig.  1. 

two  points  being  R.  If  the  potentials  at  A  and  B  be  denoted 
by  these  letters  themselves,  then,  by  Ohm's  law  (it  being  under- 
stood that  a  positive  current  flows  from  a  point  of  higher  to  a  point 
of  lower  positive  potential), 


(1) 
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or 

or 
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.     (2) 
(3) 


expressions  which  will  be  frequently  used. 

Now  if  a  battery  or  other  source  of  E.  M.  F.  be  included 
between  A  and  B,  its  electromotive  force  resulting  from  a  differ- 
ence of  potential  E,  then,  presuming  K  to  be  as  before, 

a  =  (A-B)±E 

the  sign  of  E  depending  upon  the  direction  of  the  poles  of  the 
battery,  or 

CiR  =  (A-B)±E       .        .        .         .     (5) 

in  other  words,  the  algebraical  difference  of  the  potentials  at  two 
points  in  a  circuit  is  equal  to  the  current  between  the  points 
multiplied  by  the  included  resistance. 

Consider  next  any  number  of  currents  approaching  or  leaving 
any  point  0  (Fig.  2),  then,  since  there  is  no  accumulation  of 


Fig.  2. 

electricity  at  O,  the  sum  of  the  currents  that  leave  the  point  is  equal 
to  the  sum  of  those  that  approach  the  point ;  hence 


(6) 
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This  is  the  first  law  of  Kirchhoff,  which  may  be  applied 
to  every  node  or  point  of  meeting  of  currents.  Considering 
that  currents  flowing  to  the  point  have  an  opposite  sign  to  those 
flowing  from  it,  this  law  may  be  thus  expressed  :  — 

Law  I.  —  The  algebraical  sum  of  the  currents  meet- 
ing at  a  node  of  a  network  is  zero. 

2.  Again,  if  ABC  (Fig.  3)  be  any  closed  portion  of  any  circuit 
whatever,  and  if  there  be  an  electromotive  force  E  between  A 
and  B  with  its  +  pole  towards  B  ;  P,  Q,  R  being  the  resistances 
of  the  three  sides,  and  p,  q,  r  the  currents  flowing  through  these 
in  the  direction  of  the  arrow  heads,  then,  expressing  the  potentials 
at  the  nodes  by  A,  B,  C,  we  shall  have  by  (5) 


B-C         =Qg 
C-A        =Rr 
Hence  by  addition 


We  may  extend  and  interpret  this  result  as  follows  :  — 

Law  II.  —  In  any  mesh  of  a  network  the  sum  of  the 
electromotive  forces  is  equal  to  the  sum  of  the  pro- 
ducts of  the  resistances  into  the  respective  currents 
of  the  boundaries. 

It  will  be  desirable  to  illustrate  this  law  by  a  numerical 
example.  —  Let  ABC  (Fig.  3)  be  an  ordinary  complete  circuit 
(the  current  being  of  course  in  this  case  the  same  throughout), 
and  let  the  resistance  of  AC  =  7,  that  of  CB  =  4,  that  of  AB  =  9. 
Also  let  a  battery  of  E.  M.  F.  =  20  be  introduced  between  A 
and  B,  the  resistance  between  this  battery  and  A  being  =  3  ;  and 
finally  conceive  the  whole  arrangement  to  be  insulated.  Then 
to  the  right  of  the  point  where  the  E.  M.  F.  acts  we  may  sup- 
pose the  potential  to  be  +  10,  while  to  the  left  of  it  this  will  be 
-  10.  Now  in  this  example  the  current  is  evidently  unity,  for 
C  =  £  =  7+24°+9  =  1  ,  and  since  in  such  a  circuit  the  E.  M.  F.  or 
difference  of  potential  between  any  two  points  is  proportional  to 
the  resistance  between  them  the  potential  at  A  will  be  -10  + 
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3  =  -  7  (i.e.  by  3  units  more  positive  than  that  at  the  left  of 
the  point  where  the  E.  M.  F.  acts).  In  like  manner  the  poten- 
tial at  B  will  be  +10-6=  +4,  while  that  at  0  will  be  7  units 
more  positive  than  that  at  A,  or  4  units  more  negative  than 
that  at  B  ;  in  other  words,  it  will  be  =  0.  Hence  we  see  that 

Resistance  x  Current. 
(A-B)  +  E=  -7-4  +  20     =     9x1 
B-C         =     4-0  =     4x1 

C-A        =     0+7  =     7x1 

Hence  by  addition 


or,  in  other  words,  Law  II.  is  verified  by  this  example.     Ex- 
amples will  now  be  given  of  the  application  of  these  laws. 

I.  To  find  the  combined  resistance  x  of  rv  r2,  rg,  three  branch 
resistances  (Fig.  4)  joining  the  points  A  and  B,  and  forming 


part  of  a  circuit  through  which  a  current  C  is  flowing.     Let  us 
call  the  currents  in  the  branches  c1?  c2,  c3.      Then 

C  -  ci  -  c2  -  c3  =  0  by  Law  I. 

Hence  also  (representing  the  potentials  at  the  points  by  the 
letters  there) 


x 
or 


A-B    A-B    A-B    A  -  B  ,     _  ,     ,   . 

=  --  +  --  -\  —   -by  Ohm  slaw; 
ri  r.2  r 


1=1+1+1. 

x      ri      r2     7-3 
Hence 


ra 
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II.  To  find  the  relation  between  the  currents  in  the  divided 
circuits  AFB,  ADB,  AGB  (Fig.  5),  due  to  an  electromotive 
force  E  in  AGB. 

Let  us  call  the  current  in  AFB  =  cv  in  ADB  =  c^  in  AGB 
=  C ;  also  let  the  respective  resistances  be  rv  r2,  R.  Then 

(1) 


C-ci-c2  =  0  by  Law  I.     . 
II.  . 


But 

Hence  from  (2)  and  (3) 


also  by  Law  II. 


(3) 
(4) 


Fig.  5. 


Substituting  the  value  of  c2  derived  from  (4)  in  (1),  we  obtain 


and  similarly 


III.  Let  us  next  apply  these  laws  to  the  Wheatstone's  net, 
as  exhibited  in  Fig.  6.  The  resistances  and  the  currents  in 
the  various  lines  are  denoted  by  the  large  and  small  letters 
respectively  of  Fig.  6,  the  currents  flowing  in  the  direction 
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of  the  arrow  heads,  and  the  electromotive  force  of  the  battery 
being  E. 

By  Law  I.  we  have 

p  -q-t=Q     ."••".     '  .       v  ';    .  (1) 

w-r-q  =  0      .         ...          .  (2) 

r  -s-t=Q      .....  (3) 


Again,  by  Law  II.,  we  have 

For  mesh  WKS          -  Ww>-Ss  -Rr--=  -E  .  .  (5) 

WQP         -Ww-Pp-Q?=-E  .  .  (6) 

PST  -Pp+Ss-T£=0  .  .  (7) 

QTR          -Qq   +Tt  +Ur  =  Q  .  .  (8) 


Let  us  now  explain  why  certain  products  have  negative  signs 
in  equations  (5),  (6),  (7)  and  (8).  For  reasons  given  in  note  2 
§  3  we  go  round  each  mesh  in  a  direction  the  opposite  to  that 
of  the  hands  of  a  watch.  When  the  current  goes  with  us  we 
reckon  it  positive,  when  it  goes  against  us  we  reckon  it  negative. 

An  examination  of  these  eight  equations  will  show  that  only 
three  in  each  set  are  independent.  Thus,  for  instance,  from  (1) 
and  (3)  we  derive  the  equation  p  +  s  =  r  +  q.  Hence  given  (2) 
the  equation  (4)  will  follow  as  a  natural  consequence.  In  like 
manner  we  may  from  (7)  and  (8)  derive  the  equation  Ss  +  Rr  = 
Pp  +  Qq;  hence  given  (5)  equation  (6)  will  follow  as  a  natural 
consequence. 

We  have  thus  six  unknown  quantities,  p,  q,  r,  s,  t,  w,  and 
six  independent  equations  by  which  to  find  them. 

The  solution  of  the  six  equations  is  very  laborious,  but  by 
an  ingenious  device  of  Maxwell  the  equations  may  be  reduced 
to  three.  This  device  will  now  be  explained. 

3.  Maxwell's  Method.1  —  Imagine  that  round  each  cell  or  mesh 
or  cycle  of  the  network  imaginary  currents  flow,  all  directed 
in  the  same  way,  thus  round 

1  Note  on  Wheatstone's  bridge,  p.  206  of  Maxwell's  Elementary 
Treatise,  or  vol.  i.  (2d  edition)  of  his  large  work.  See  also  Dr.  Flem- 
ing, "  Problems  on  the  Distribution  of  Electric  Currents  in  Networks 
of  Conductors  treated  by  the  method  of  Maxwell,"  Phil.  Mag.  ,  Septem- 
ber 1885. 
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WRS  there  is  a  current  x  (Fig.  7), 
QTR         „ 


the  direction  of  the  currents  being  the 
opposite  to  that  of  the  hands  of  a 
watch.1  Here  the  signs  of  x,  y,  z,  etc. 
may  be,  some  positive  and  others 
negative.  The  real  current  from 

B  to  D  is  x  -  y, 

C  to  D  is  y  -  z, 

D  to  A  is  x  —  z. 

To  avoid  additional  letters  desig- 
nate the  potentials  at  the  nodes  by 
the  letters  placed  there.  Then,  by 
Law  II., 

A-B=Wz-E    .         .     (1) 
B-D  =  R(a:-y)   .         .     (2) 

D-A=S(z-2)    .         .     (3) 

Hence  adding  together  (1),  (2),  and  (3) 
we  have 


Fig.  7. 


This  is  called  the  equation  of  the  x  cycle.      To  form  the  equation 
of  any  cycle  we  have  hence  the  following  rule  :  — 

MaxiveWs  Rule.  —  The  effective  E.  M.  P.  (written  +  or 
-  according  as  it  is  with  or  against  the  cycle  current) 
in  any  cycle  is  equal  to  the  product  of  the  sum  of 
the  resistances  of  the  boundaries  into  the  cycle 
symbol  (current),  less  the  sum  of  the  products  of 
each  neighbouring  cycle  symbol  (current)  into  the 
resistance  of  the  common  bounding  cell. 

By  the  aid  of  this  rule  the  equations  of  the  various  cycles 
can  be  immediately  written  down.  We  thus  get 

1  This  way  of  regarding  currents  has  been  adopted  by  Dr.  Fleming 
for  the  following  reason.  A  current  is  considered  to  be  circum- 
navigated positively  when  you  walk  round  it  inside,  so  as  to  keep  the 
boundary  on  your  right  hand, 
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.         .     (a) 


0=y(Q+R+T)-a:R-*T 

0=z(S    +  T  +  P)-yT-xS      .    .        .        .     (7) 


4.  The  equations  that  we  have  just  written  down  will  be 
applied  for  finding  the  resistance  of  the  network  from  A  to  B. 
Let  us  call  this  r,  then  we  have 

B-A,     n,     ,   . 
r=  -  by  Ohm  s  law. 

tXs 

But 

B  -  A  =  E  -  Wo;  by  Kirchhoff's  second  law. 
Hence 

E  -  Wx     E    ,„ 
r  =  -  =  --  W. 
x          x 

Now  a  little  consideration  will  show  us  that  the  resistance 
of  the  battery  branch  may  be  anything  we  please  without  affect- 
ing the  resistance  of  the  rest  of  the  network.  Let  us  therefore 
make  W  =  0,  hence 

=- 

~  x' 

It  will  therefore  be  necessary  to  determine  the  value  of  x  from 
the  equations  (a),  (/?),  (y),  first  putting  W  =  0.  The  student 
will  save  himself  much  mechanical  labour  in  solving  such 
equations  if  he  will  master  the  elementary  principles  of  deter- 
minants. 

For  our  present  purpose  it  will  be  sufficient  to  exhibit  the 
general  solution  obtained  most  easily  by  the  method  of  deter- 
minants of  three  equations  of  the  first  degree  between  three 
variables.  Let  these  three  equations  be  as  follows  :  — 

a\x  +  biy  +  Ciz  =  d\ 


then  will 
also 

and 

• 

z= 


+  c2C2  +  c3C3  ' 


A.] 

where 


A2  =  btfi  - 
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C2  = 
C3  = 


the  student  will  find  that  the  denominators  of  x,  y,  z  in  the 
above  expressions  are  the  same. 

Now  let  us  suppose  that  P=  1,  Q  =  2,  R  =  3,  S  =  4,  T  =  5, 
(W  being  =  0),  then  the  equations  (a)  (/?)  (y)  will  become 


7x-   By-   4z  =  E 
-   5z  =  0 


Hence 

Hence  also 
and 


A^lOxlO-  5x5  =75 
A2=  5x  4+  3x10  =  50 
A3=  3x  5  +  10x  4  =  55. 


75E 


_75E 

7x75-3x50-4x55     155"' 


5.  To  get  the  real  current  in  any  common  cell  boundary  it 
will  be  necessary  to  take  the  difference  of 
the  imaginary  cycle  currents.  Thus  if  we 
require  the  current  in  T  it  will  be  necessary 
to  find  both  y  and  2,  and  then  take  their 
difference.  Maxwell  diminishes  the  labour 
by  giving  the  symbol  y  to  one  cell  and  y  +  z 
to  the  other,  then  z  =  y  +  z  —  y  will  give  the 
real  current  in  the  boundary.  This  will 
be  better  understood  by  the  following  ex- 
ample : — 

General  case  of  JVheatstone's  Net — Prob- 
lem.— To  obtain  the  equation  of  the  cur- 
rents in  the  most  complicated  case  that 
occurs  in  practice,  namely,  when  there  is 
an  E.  M.  F.  (Eg)  in  one  of  the  arms.  From 
the  diagram  (Fig.  8)  we  obtain,  by  applying  Maxwell's  rule, 
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i.  (1) 

(Q  +R  +  T)y-Raj-T(y  +  «)  =  E2.         .         .     (2) 
(P  +S+T)y  +  z)-Ty-Sx          =  0.         .         .     (3) 

which  become 

'E1  (4) 

E2  .              (5) 

„                                                                                     0.  .         .     (6) 

Hence 

Ei(SQ  -  RP)  -  E2  {P(  W  +  R  +  S)  +  WS} 

D 
where 


(I.) 


then  if  E2  =  0 


D  *"•' 

If  z  also  =  0,  then 

QS-PR  =  0,  or-^-=^        .         .         .     (HI.) 

which  is  the  principle  of  Wheatstone's  bridge. 

6.  Best  Position  of  Battery  and  Galvanometer. — Since,  when 
the  equation  |-  =  -|  is  satisfied,  8  =  0,  the  current  in  W  is  there- 
fore independent  of  the  resistance  of  T. 

These  branches  are  now  said  'to  be  conjugate,  and  it  may 
be  proved  that  this  relation  is  reciprocal ;  that  is  to  say,  if 
the  battery  be  placed  in  the  arm  T  and  the  galvanometer  in  W, 
then  (the  resistances  of  these  arms  remaining  the  same)  the  current 
in  T  will  be  independent  of  the  resistance  of  W.  If  the 
galvanometer  is  very  delicate  it  will  of  course  be  quite  imma- 
terial whether  it  is  placed  in  the  arm  W  or  the  arm  T ;  but  if 
the  galvanometer  be  not  very  delicate  it  is  a  matter  of  import- 
ance to  know  in  which  position  it  will  give  the  most  accurate 
adjustment.  Let  us  therefore  suppose  that  the  relation  |*  =  -^ 
is  nearly  but  not  exactly  fulfilled,  and  find  by  which  corners 
of  the  bridge  the  battery  and  galvanometer  should  be  connected. 
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Rule  A. — Galvanometer  Resistance  > 
Battery  Resistance        .... 


The  following  rules,  deduced  from  the  equations  already  given, 
will  be  found  fully  proved  in  Maxwell's  Electricity  and  Magnet- 
ism :  — 

Galvanometer  should 
be  connected  between 
the  corner  which 
represents  the  junc- 
tion of  the  two  small- 
est arm  resistances, 
and  that  which  repre- 
sents the  junction 
of  the  two  greatest. 

Battery  should  be 
connected  between 
the  corner  which  re- 
presents the  junction 
of  the  two  smallest 
arm  resistances,  and 
that  which  represents 
the  junction  of  the 
two  greatest. 

Example.—  Thus  if  P  =  Q  =  1000,  R  =  S  =  100,  T  =  5000, 
and  W  =  50,  then  the  battery  would  be  joined  to  A  and  B,  while 
the  galvanometer  joins  C  to  D  (Fig.  7,  p.  445).' 

7.  Another  point  is  to  ascertain  what  is  the  best  value  of 
galvanometer  resistance  to  use  for  a  particular  purpose.  The 
following  rule  is  proved  by  L.  Schwendler  :  —  * 

Rule  B.  —  The  best  value  of  the  galvanometer  resistance  is 
when  this  equals  the  resistance  of  the  sums  of  the  arms  on  either 
side  of  the  galvanometer  branch,  these  two  added  resistances 
being  placed  in  multiple  arc. 

Example.—  If  P  =  Q  =  2,  R  =  S  =  3,  then  P  +  Q  =  4  and  R  + 
S  =  6.  Hence 


Galvanometer  Resistance  <  Battery  Re- 
sistance 


1  On  "The  Galvanometer  Resistance  to  be  employed  in  Testing 
with  Wheatstone's  Diagram,"  Phil.  Mag.,  May  1866. 

VOL.  II.  2  G 
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8.  The  next  point  is  the  best  value  of  battery  resistance.1 
Disregarding  the  galvanometer  resistance,  since  it  is  conjugate, 
here  we  have  the  following  simple  rule  : — 

Rule  O. — The  best  value  of  the  battery  or  internal  resist- 
ance is  when  this  is  equal  to  the  external  resistance,  not  includ- 
ing that  of  the  galvanometer. 

Example.— P=100,  Q=10,  R  =  50,  S  =  500, 

W  =        1        =  91  nearly. 

TTtf  +  "5  Tff 

9.  Finally  we  have  to  study  the  best  arrangement  of  arms.2 
Here  we  have 


P=VTW  RuleE 


Here  R  is  supposed  to  be  the  resistance  to  be  determined,  while 
that  of  the  battery  and  galvanometer  are  regarded  as  fixed.  If 
both  battery  and  galvanometer  may  be  changed,  then  the  best 
arrangement  is 

pzrQ  =  R  =  S=T=W       .         .        .     RuleG 

iO.  Thomson's  Galvanometer  Resistance  Method. — Here  the  gal- 
vanometer whose  resistance  is  required  is  removed,  say  to  arm 
Q  (Fig.  9),  and  a  key  substituted  in  its  previous  place  at  T. 
Adjustment  is  made  until  on  opening  and  closing  the  key 
the  current  through  Q  is  unaffected.  Now  when  this  takes 
place  it  is  clear  that  the  current  is  independent  of  the  resist- 

1  For  a  discussion   of  this   the  reader  is  referred   to   Gumming, 
Introduction  to  the  Theory  of  Electricity,  Art.  170. 

2  See  Oliver  Heaviside  on  "The  Best  Arrangement  of  Wheatstone's 
Bridge  for  measuring  a  Given  Resistance  with  a  Given  Galvanometer 
and  Battery,"  Phil.  Mag.,  July   1873  ;    and   Kempe's  Handbook  of 
Electrical  Testing  (new  edition),  p.  173,  where  an  algebraical  proof  is 
given. 
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ance  of  T,  and  hence  that  the  condition  PR  =  QS  must  be 
fulfilled.  It  may  likewise  be  shown  that  the  adjustment  will 
be  the  more  delicate  the  greater  the  difference 
in  the  amount  of  current  that  passes  through 
the  galvanometer  due  to  opening  or  closing 
the  key,  when  the  balance  is  not  quite 
perfect,  and  it  can  be  shown  that  this  gives 
us  the  following  rule  : — 

Rule  H. — The  proportional  (P  and 
Q)  arms  to  differ  as  much  as  possible. 
— The  algebraical  proof  of  these  points  may 
be  left  to  the  student  as  an  exercise  on  the 
use  of  the  preceding  equations. 

11.  Mance's  Battery  Resistance  Method. — 
The  battery  whose  internal  resistance  is  re- 
quired is  placed  in  the  Q  arm  and  a  key  in 
the  W  arm  (the  galvanometer  being  in  T), 
and  the  resistances  of  the  arms  are  adjusted  until  no  change 
is  produced  in  the  galvanometer  by  opening  or  shutting  the 
key  in  "W.  Here  Ex  =  0,  and  hence  the  current  through  the 
galvanometer  is 


L) 


Now  when  W  =  0,  we  shall  have 

P(R  +  S) 


21 =•- 


and  when  W  =  oc  ,  we  shall  have 


_ 


Now  if  Zj  =  z2,  and  if  this  condition  is  to  hold  for  all  values  of 
T,  it  must  hold  for  T  =  0.     Hence 


P(R  +  S) 


P  +  S 
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This  equation  will  be  satisfied  if  PR  =  QS  as  before,  also  the 
rule  for  the  best  effect  will  be  Rule  H. 

12.  Resistance  containing  an  E.  M.  F.  —  This  will  be  the 
general  case  where  there  are  two  electromotive  forces  in  the 
circuit.  Here  the  galvanometer  is  supposed  to  be  in  T,  while 
Q  is  the  unknown  resistance  containing  the  E.  M.  F.  E9. 
Hence  we  have 


D 
If  the  resistance  be  adjusted  until  2=0,  then 

Ei(QS-PR)-E2(P(W  +  R  +  S)  +  WS)  =  0       .        .     (1) 

Suppose  now  that  the  direction  of  Ex  is  reversed  and  a  new 
adjustment  made  as  above,  R  becoming  R',  then  we  shall  have 


From  (1)  and  (2)  the  unknown  resistance  Q  can  be  found. 

The  simplest  case  will  be  when  R  is  nearly  equal  to  R'  and 
E2  is  small,  then,  since  the  second  members  of  the  equation  may 
be  supposed  to  be  left  out,  we  shall  have 

QS-PR  =  PR'-QS,  or2QS  =  P(R  +  R'). 
Hence 

P.R  +  R' 
^~~S    ~2~ 

In  general,  since  (1)  and  (2)  hold  for  all  conceivable  values  of 
EX  and  E2,  we  must  have 

PR-QS  _P(W  +  R  +  S)  +  WS 


Hence,  by  compounding, 

P(R  +  R')-2QS  P(R-R') 


P(R-R') 

or  p .  (R  +  R')  (P W  +  PS  +  WS)  +  2PRR' 

y~  S 
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When  P  =  S 

(R-*R')(P  +  2W)  +  2RR' 
' 

and  if  W  is  very  small 


_ 

~ 


Equations  (3),  (4),  (5),  (6)  give  Rule  K,  enabling  us 
to  determine  the  value  of  a  resistance  which  contains  an 
E.  M.  F. 

13.  False  Zero  Method.  —  The  rather  troublesome  calcula- 
tion of  Q  from  the  formulae  of  last  article  may  altogether 
be  avoided  if  we  once  for  all  measure  the  resistance  of  the 
testing  battery,  and  arrange  so  that  it  may  be  substituted 
for  a  wire  resistance  of  equal  value  by  pressing  a  key.  Then, 
if  an  equal  deflection  be  obtained  when  Ex  is  in  circuit 
and  when  its  equivalent  resistance  is  substituted,  we  shall 
have  the  coefficient  of  Ex  in  equation  (1)  of  last  article  =  0. 
Hence 

~'R  RuleL 


14.  Application  of  Rules  K  and  L.  —  They  have  two  important 
uses.  (1.)  For  determining  the  metallic  resistance  of  cables. 
Here,  when  a  second  cable  is  not  available,  the  return  circuit 
has  to  be  made  by  means  of  the  earth,  which  will  cause  the 
introduction  of  an  E.  M.  F.  into  the  resistance  on  account  of 
earth  currents  and  polarisation  at  the  plates  used  to  get  con- 
nection with  the  earth.  (2.)  For  ascertaining  the  resistance  of 
the  earth  in  the  case  of  a  lightning  conductor.  Connections 
would  be  made  between  the  lower  portions  of  the  conductor  and 
a  good  earth,  such  as  a  system  of  water  pipes.  For  the  same 
reason  as  before,  the  resistance  under  measurement  would  con- 
tain an  E.  M.  F.  To  eliminate  the  error  due  to  the  use  of  this 
second  earth,  it  is  better  to  follow  the  plan  of  Jamieson,  who 
uses  a  third  earth,  such  as  that  of  the  system  of  gas  pipes. 
Measurements  are  made  between  earths  A  and  B  say,  then 
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between  A  and  C,  and  finally  between  B  and  C.     From  the 
three  values  it  is  easy  to  find  A,  B,  and  C. 

15.  Experimental  Proof  of  Net  Laws. — It  will  be  a  very 
instructive  exercise  for  the  student  to  measure  actually  the 
current  in  all  the  branches  of  a  Wheatstone's  bridge,  or  the 
resistance  from  one  corner  to  another,  and  thus  prove  the  laws 
just  given. 

For  this  purpose  a  model  of  the  net  may  be  used  (see 
Fig.  10).  The  resistances  P,  Q,  R,  S,  T  may  be  coils  having 
their  resistances  in  the  ratio  1,  2,  3,  4,  5.  For  Ex  and  E2 


Fig.  10. 

Grove's  cells  may  be  used,  two  cells  for  El  and  one  cell  for 
E2.  The  resistance  of  these  cells  should  be  ascertained  in  the 
usual  manner.  For  measuring  the  currents  a  galvanometer  of 
negligible  resistance  will  be  required.  The  arrangement  of 
binding  screws  shown  in  the  model  will  enable  the  galvanometer 
and  batteries  to  be  placed  in  any  one  of  the  arms  by  removing 
any  of  the  copper  strips  shown  clamped  under  the  binding 
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FORCE— POTENTIAL— LINES  OF  FORCE— ELECTRI- 
CAL UNITS— INDUCTION. 

1.  The  following  propositions  regarding  forces,  which  vary 
inversely  as  the  square  of  the  distance,  will  be  found  in  all  text- 
books, so  that  while  it  is  desirable  to  state  them,  it  will  not  be 
necessary  to  furnish  proofs. 

Proposition  I. — A  uniform  spherical  shell  exercises  no  attrac- 
tion upon  a  particle  placed  within  it. 

For  an  experimental  proof  of  this  in  the  case  of  electricity, 
the  student  is  referred  to  the  first  chapter  of  this  volume. 

Proposition  II. — The  attraction  of  a  uniform  spherical  shell 
upon  a  particle  placed  without  it  is  the  same  as  if  its 
whole  mass  were  collected  at  the  centre. 

It  follows  from  this  proposition  that  if  p  denotes  the  volume- 
density  and  r  the  radius  of  the  shell,  of  which  the  thickness  is 
8,  while  d  is  the  distance  of  a  point  from  the  centre,  and  if  unit 
of  attracting  matter  be  placed  at  this  point,  then  the  attraction 
on  it  of  the  shell  will  be  ^^,  in  which  expression  the  numer- 
ator represents  the  whole  mass  or  attracting  matter  of  the  shell, 
while  the  denominator  is  caused  by  the  law  according  to  which 
the  attraction  varies  with  the  distance. 

2.  It  will  be  noticed  that  both  for  gravity  and  for  electricity 
the  attraction  is  proportional  to  the  product  of  the  attracting 
matter  into  the  attracted,  and  in  conformity  with  this  we  find 
in  page  1 8  of  this  volume  that  if  a  quantity  of  electricity  =  m 
attracts  another  quantity  =  n  the   whole  attraction  is  propor- 
tional to  the  product  mn.     This  enables  us,  as  we  have  seen 
(page  18),  to  define  unit  quantity  of  electricity  as  that  which  will 
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exert  unit  of  force  (one  dyne]  on  a  quantity  equal  to  itself  and 
placed  at  unit  distance  from  it  (one  centimetre]  in  air.  It  follows 
at  once  that  unit  surface  density  of  electricity  means  unit  of  quantity 
on  unit  of  surface,  that  is  to  say,  on  one  square  centimetre. 

3.  Let  us  now  suppose  that  we  have  concentrated  in  a  point 
a  unit  of  positive  electricity,  and  that  we  have  likewise  an  in- 
sulated conducting    spherical  shell   charged,  let    us   say,  with 
negative  electricity.    Let  p  represent  the  density  of  the  electricity 
on  the  surface,  and  let  r  be  the  radius  of  the  shell,  while  d  is  the 
distance  of  the  positive  unit  from  the  centre  of  the  shell.     Then 
by  §  1   we  may  conceive  all  the  electricity  of  the  shell  to  be 
concentrated  at  its  centre,  and  hence  the  attraction  upon  the 
unit  will  be  ^-.     If  the  unit  be  brought  quite  close  to  the 
surface,  being  still  without,  then  d  will  be  virtually  equal  to  r, 
and  the  above  expression  will  become  kirp.    No  doubt  the  unit 
acting  inductively  would  somewhat  alter  the  uniform  distribu- 
tion of  the  electricity  over  the  surface  of  the  shell,  but  for  our 
present  purpose  this  may  be  disregarded,  since  the  journey  of 
the  unit  is  an  imaginary  one.     Hence  the  force  of  the  electrified 
system  upon  the  unit,  at  or  near  the  surface,  but  still  without, 
will  be  47T/>,  this  force  tending  to  the  centre.     If  we  now  suppose 
the  unit  continuing  its  journey  to  have  pierced  the  surface,  and 
to  be  within  the  enclosure,  the  force,  according  to  Proposition  I., 
will  be  zero.     Thus  the  piercing  of  the  surface  has  produced  a 
change  upon  the  force  =  47r/o. 

Exactly  the  same  reasoning  will  apply  to  a  gravitating  spher- 
ical surface  such  as  that  of  the  earth.  Imagine,  for  instance, 
that  the  surface  of  the  earth  is  a  strictly  spherical  surface  covered 
with  water,  and  that  we  dive  beneath  it  through  a  certain  dis- 
tance 8.  We  shall  thus  have  thrown  above  us  a  certain  shell  of 
the  earth's  substance.  Before  we  began  to  dive  the  attraction 
of  this  shell  taken  all  round  the  earth  was  the  same  as  if  the 
matter  composing  it  was  concentrated  in  the  earth's  centre. 
After  we  have  dived,  however,  the  attraction  of  this  shell  will 
count  for  nothing,  and  the  whole  attraction  will  be  so  far  di- 
minished in  consequence. 

4.  It  will  at  once  be  seen  that  before  we  began  to  dive  our  view 
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was  bounded  by  a  circular  horizon  embracing  watery  particles, 
which  we  might  regard  without  sensible  error*  as  forming  a  flat 
circular  surface.  The  matter  in  this  flat  circular  surface  through 
a  depth  B  would  exercise  a  downward  attraction  upon  us  before 
we  began  to  dive,  but  after  we  had  reached  this  depth  the 
matter,  being  above  us,  would  exert  now  an  equal  upward  attrac- 
tion. On  the  other  hand,  as  regards  the  very  distant  particles 
of  the  shell,  our  position  has  so  little  changed  that  we  may 
view  their  attraction  as  unaltered  by  the  operation  of  diving. 
There  is  thus  a  portion  of  the  whole  attraction  which  changes 
sign,  and  another  portion  which  remains  sensibly  constant. 
Precisely  the  same  thing  happens  in  electricity  ;  here  let  us 
call  the  part  which  changes  sign  x  and  the  constant  part  C. 
Hence  we  obtain 


C-x=Q, 

from  which  it  follows  that  x  =  2irp.  Hence  the  normal  electric 
attraction  of  any  plate  of  density  p  on  unit  quantity  of  electricity 
placed  at  a  distance  from  it,  very  small  as  compared  with  its  diam- 
eter, will  be  2-rrp.  We  have  already  made  use  of  this  proposition 
in  explaining  the  theory  of  Thomson's  electrometer. 

5.  We  now  come  to  the  subject  of  potential.  Let  us  suppose 
that  we  have  a  centre  of  positive  electricity  at  a  point  Ol  (Fig. 
11),  containing,  let  us  say,  ml  units,  and  let  it  act  on  a  unit  of 


Fig.  11. 

positive  electricity  placed  at  a  point  P1.  There  will,  of  course,  be 
repulsion  along  the  line  O1PV  and  let  us  suppose  that  in  course 
of  time  the  unit  is  driven  to  a  point  P2  on  the  same  line  (01P2 
being  greater  than  OjPj,  but  the  two  points  being  very  near  each 

other).  The  force  at  the  one  point  will  be  (ofpja  and  tnat  at  tlie 
other  >ompo«  •  These  two  expressions  are  very  nearly  the  same, 
and  it  may  be  shown  that  in  this  case  the  average  attraction  is 
best  represented  by  o  P  "'Q  P  •  Now,  a  distance  PXP2  is  gone 
over  in  the  line  of  action  of  this  force,  and  hence  an  amount  of 
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kinetic  energy  will  be  gained  by  the  unit  equal  to  the  force 
multiplied  by  the  distance  gone  over,  i.e., 

|f^V  0A*  °iP/  =mi '  &E~<w ' 

Next  consider  another  small  element  of  the  path  between  P0 
and  another  point  P3  ;  here,  by  precisely  similar  reasoning,  we 
might  show  that  the  energy  gained  by  the  unit  as  it  proceeds 
through  this  element  will  be  mj  {  — ^  -  g-£- } ,  and  hence  the 
whole  energy  through  both  elements  of  its  path  will  be 

m  j_J 3_  +  _J L_j  =m  J_l L_! 

Here  the  law  is  obvious,  so  that  if  it  go  from  any  point  P  to 
any  point  Q  we  shall  have  the  energy 


It  may  be  easily  shown  that  the  above  expression  will  be  true 
even  though  OjP  and  0XQ  should  not  be  in  the  same  line,  pro- 
vided only  that  the  distances  of  the  points  P  and  Q  from  Ol  remain 
constant.  For  if  it  were  not  true  it  would  be  possible  to 
create  energy  independently  by  carrying  the  unit  along  one 
road  from  P  to  Q,  and  then  back  again  by  some  other  road, 
which  is  manifestly  absurd. 

Having  proved  this  point,  let  us  now  imagine  that  we  have, 
besides  O1?  other  centres,  namely  09,  containing  m9  units ;  03, 
containing  m3 ;  and  so  on.  Hence  similar  expressions  will  hold, 
and  we  shall  have  the  whole  energy  gained  by  the  unit  going 
from  P  to  Q 

i     i  r .     ii     i 

<i 


This  expression  may  be  written  in  a  general  form  as  follows  :  — 


an  expression  which,  we  have  seen,  is  quite  independent  of  the 
path  pursued  by  the  unit  between  P  and  Q. 
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6.  If  the  unit  be  carried  from  P  to  a  point  at  an  infinite 
distance  from  the  repelling  centres,  then  ^  becomes  =  0,  and 
the  expression  becomes 

Energy 


"We  have  thus  the  following  definition  of  what  we  may  call  the 
absolute  potential  at  a  point. 

If  a  point  at  which  there  is  placed  unit  of  positive  electricity 
be  at  distances,  say  rv  r^  r3,  etc.,  from  centres  at  which  quantities 
of  positive  electricity,  mv  my  mz  etc->  aw  placed,  then 


+  etc.  =Z 
7*1       r2      r3  r 

will  be  the  absolute  potential  at  that  point  due  to  tlie  electric  system. 
We  see  from  our  method  of  treating  the  subject,  in  which  the 
unit  is  charged  with  positive  electricity,  that  at  a  point  for 
which  2™  is  positive,  kinetic  energy  is  gained  by  the  unit  as  it 
recedes  from  the  point  to  one  at  an  infinite  distance,  that  is 
to  say,  positive  electricity  tends  to  go  from  a  place  of  higher  to 
a  place  of  lower  positive  potential. 

7.  If  we  define  absolute  zero  of  potential  as  that  which  exists 
at  a  place  infinitely  far  removed  from  all  electricity,  it  is  clear 
that  we  have  access  to  no  such  place.     All  that  we  can  do  is  to 
take  the  earth,  which  is  a  large  conducting  body,  as  our  standard, 
and  consider  its  potential  as  zero  of  potential.     A  positively 
electrified  body  is  therefore  one  of  a  higher  potential  than  the 
earth,  and  from  which  positive  electricity  has  a  tendency  to  flow 
towards  the   earth,  while  a  negatively  electrified  body  is  one 
having  a  lower  potential  than  the  earth,  and  towards  which 
positive  electricity  has  a  tendency  to  flow  from  the  earth. 

8.  But  while  we  have  no  knowledge  of  absolute  potential, 
we   can  measure  differences  of  potential,  and  may  define  unit 
difference  as  follows  :    Unit  difference  of  electric  potential  exists 
between  two  points  when  the  unit  of  work  is  spent  in  moving  unit  of 
electricity  from  the  one  to  tlie  other  against  electric  repulsion.      The 
reader  will  now  begin  to  see  that  differences  of  electric  potential 
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mean  in  reality  differences  of  electric  level,  and  just  as  there 
is  no  flow  of  water  between  two  points  that  are  at  the  same 
gravitation  level,  so  there  is  no  flow  of  electricity  between  two 
points  that  are  at  the  same  potential  or  electric  level.  Further- 
more, we  may,  for  any  electrical  system,  draw  a  surface  embrac- 
ing all  those  points  that  are  at  the  same  potential.  Such  a 
surface  would  be  an  equipotential  surface,  and  would  be  similar 
to  the  surface  of  the  ocean  or  of  a  lake  in  the  case  of  gravity. 
There  is  therefore  no  tendency  for  electricity  to  flow  from  one 
point  of  an  equipotential  surface  to  another. 

We  have,  in  the  case  of  gravity,  an  easy  method  of  measuring 
differences  of  level  by  means  of  the  plumb-line,  which  is  not 
applicable  to  electricity.  But  the  strictly  scientific  definition 
of  unit  difference  of  potential  which  we  have  given  for  electricity 
may  be  very  easily  adapted  to  gravity,  and  we  may  define  our 
unit  difference  of  gravitation  potential  or  level  to  be  that  differ- 
ence where  unit  of  work  (the  foot-pound  if  we  adopt  the  British 
system)  will  be  spent  in  raising  unit  of  mass  (the  pound)  from 
the  one  level  to  the  other  against  the  force  of  gravity,  this  force 
being  assumed  to  be  practically  constant. 

9.  It  is  usual  to  denote  potential  by  V  (the  first  letter  of 
Volta's  name),  let  us  therefore  denote  by  Y1?  V2  the  potential 
due  to  an  electric  system  at  two  points  P15  P2,  very  near  each 
other.  The  work  done  by  the  test  unit  in  going  from  the  one 
point  to  the  other  will  be  Vj  —  V0.  But  if /denote  the  force,  the 
work  done  will  likewise  be  /  x  P^.  Hence  Vj  -  V2  =/  x  PjP2, 
and  hence 

Vn-V9  . 


Here  the  left-hand  term  is  evidently  the  rate  of  change  of 
the  potential  in  the  direction  P-^,  and  hence  the  rate  of  change 
of  the  potential  in  any  direction  represents  the  resultant  force  in 
that  direction.  It  follows  from  this  that  there  is  no  resultant 
force  along  an  equipotential  surface,  since  here  the  rate  of 
change  of  the  potential  is  zero  ;  and  also  that  this  force  is  greatest 
in  a  direction  perpendicular  to  such  a  surface.  We  may 
therefore  imagine  an  electric  system  to  be  surrounded  by  a 
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series  of  surfaces  of  this  nature,  and  also  by  a  series  of  lines 
going  perpendicular  to  these  surfaces.  Such  surfaces  would  be 
equipotential  surfaces  and  such  lines  lines  of  force,  and  just  as 
the  surface  of  the  ocean  is  in  the  case  of  gravity  an  equipotential 
surface,  so  the  direction  of  the  plumb-line  is  that  of  a  line  of 
force. 

1O.  It  is  desirable  that  we  should  so  systematise  our  con- 
ception of  lines  of  force  as  to  get  the  greatest  possible  amount 
of  use  out  of  it 

Let  us  therefore  suppose  that  we  have  an  attractive  system 
at  0  of  such  a  strength  that  its  force  of  attraction  or  repulsion 
upon  the  testing  unit  placed  at  a  distance  from  0  equal  to  unity, 
that  is  to  say,  one  centimetre,  will  be  one  dyne.  We  may  call 
this  a  unit  system.  Let  Fig.  12  represent  the  spherical  sur- 


Fig.  12. 

face  at  unit  distance  from  0.  It  is  clear  that  this  and  similar 
spherical  surfaces  will  all  be  equipotential  surfaces,  and  that  radii 
drawn  from  O  will  be  lines  of  force.  Now  we  might,  if  we 
chose,  draw  an  infinite  number  of  such  lines  of  force.  Let 
us  however  restrict  ourselves  to  a  given  number,  drawn  regu- 
larly outwards  from  O  in  all  directions.  It  is  clear  that  as 
these  lines  proceed  outward  they  will  become  less  closely 
packed  together.  At  unit  distance  from  the  centre  they  will 
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be  spread  over  a  surface  =  47r,  at  double  the  distance  they  will 
be  spread  over  a  fourfold  surface,  and  so  on.  We  may  say  that 
their  closeness  or  density  will  vary  inversely  as  the  square 
of  the  distance.  But  it  is  also  in  this  very  way  that  the  force 
varies,  and  hence  we  see  how  the  force  at  any  point  may  be 
represented  by  the  closeness  or  density  of  the  lines  of  force  at 
that  point.  To  make  this  conception  useful  let  us  imagine 
that  at  unit  distance  from  the  centre,  when  the  force  is  unity, 
we  have  one  line  of  force  for  every  unit  of  area.  Thus  it  is 
clear  that  the  whole  number  of  lines  of  force  drawn  from  0 
will  be  47T.  It  is  further  clear  that  the  number  must  be  drawn 
so  as  to  be  proportional  to  the  whole  mass  or  amount  of  attract- 
ing matter  at  0.  If  therefore  this  be  m,  then  will  m  likewise 
denote  the  number  of  lines  of  force  that  cross  unit  area  at  unit 
distance,  so  that  the  whole  number  of  such  lines  will  now  be  47rm. 
In  the  above  figure  let  AB  represent  unit  area  at  unit  distance 
(whether  the  boundary  be  circular  or  otherwise  is  of  no  conse- 


O      abed  e    f         g 

Fig.  13. 

quence),  then  the  solid  angle  made  at  0  by  the  radii  drawn  to 
the  various  points  of  this  boundary  will  be  a  unit  solid  angle. 

In  the  above  diagram  the  lines  of  force  are  all  straight  lines, 
but  it  will  be  seen  further  on  that  in  magnetic  systems,  as  well 
as  in  systems  connected  with  electricity,  the  lines  of  force  are 
by  no  means  always  straight  lines. 

The  diagram  (Fig.  1 3)  exhibits  a  convenient  way  of  graphically 
representing  the  subject.  Here  0  is  the  centre  of  an  electrified 
sphere,  supposed  to  be  charged  with  eight  units,  and  having  a 
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radius  of  one  unit,  and  from  0  lines  of  force  radiate  in  all  direc- 
tions (to  save  space  only  the  semi-circle  is  shown).  A  number 
of  equipotential  surfaces  are  drawn  around  it,  so  as  to  express 
unit  difference  of  potential  or  unit  of  work  performed  by  the 
test  unit  in  passing  from  a  given  surface  to  the  one  next  it. 
Such  surfaces  will  be  clustered  closely  together  where  the  force 
is  great,  and  spread  out  where  it  is  small  These  surfaces  will 
really  be  those  of  a  series  of  concentric  spheres,  formed  by  the 
revolution  of  the  semi-circles  about  the  base  line  as  axis.  To 
find  the  radii  of  the  respective  spheres  we  observe  that  since 

V  =  — , 

T 

when  tn  =  8  and  r  =  I  =  Oa,  then  V  =  8,  or  the  inner  sphere 
is  an  equipotential  surface  of  value  8.  We  now  require  to  find 
the  radii  of  the  surfaces  having  values  7,  6,  5,  etc.  Now 


hence  when  m  =  8  and  V  =  7,  then  r=  1*1 4  =  06, 
V  =  6,     „    r=133  =  0c, 
V  =  5,     ,,     r  =  l-60  =  (H 
and  so  on. 

We  have  not  adhered  to  a  strict  system  in  drawing  the  lines 
of  force. 

If  the  unit  of  work  were  the  foot-pound  and  the  system  that 
of  the  earth,  we  should  draw  round  the  earth  at  that  distance 
from  the  centre  where  we  exist,  a  series  of  surfaces,  the  vertical 
distance  between  any  two  of  these  being  one  foot  At  the  dis- 
tance of  the  moon,  however,  where  the  force  of  terrestrial  gravity 
is  only  ^^$  of  what  it  is  here,  the  distance  between  two  such 
surfaces  would  be  3600  feet,  or  the  best  part  of  one  mile,  and 
so  on. 

11.  From  what  has  now  been  said  it  wiH  not  be  difficult  to 
find  the  electrical  force  acting  on  a  positive  unit  of  electricity 
placed  just  outside  an  electrified  conductor  at  a  point  whose 
electrical  density  is  p.  The  argument  of  §  4  may  be  adapted  to 
this  question,  even  although  the  conductor  may  not  be  a  sphere, 
and  we  may  infer  that  the  force  will  change  when  the  unit 
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passes  through  the  surface  by  a  quantity  equal  to  47r/x  But  it 
is  well  known  from  the  experiments  described  in  the  first  part 
of  this  volume  that  the  force  within  such  a  conductor  is  zero. 
Hence  the  force  just  outside  will  be  4  Try). 

In  like  manner  it  is  very  easy  to  find  the  potential  at  any 
point  either  within  or  without  a  conducting  sphere  electrified 
with  a  given  quantity  of  electricity.  For  let  r  denote  the  radius 
of  the  sphere,  and  Q  the  quantity  of  electricity.  Since  there  is 
no  force  inside  it  follows  that  the  surface  and  all  the  points  within 
the  sphere,  including  the  centre,  have  the  same  potential.  Let  us 
therefore  consider  the  central  point,  which  is  at  the  constant  dis- 
tance r  from  all  parts  of  the  electrified  surface.  Its  potential  is 
therefore  ^,  which  is  therefore  likewise  the  potential  of  any  point 
on  the  surface  or  within  the  sphere. 

With  regard  to  points  without  the  sphere  we  may  obviously 
regard  the  electricity  as  acting  at  the  centre,  and  hence,  if  the 
distance  from  the  centre  be  d,  the  potential  will  be  ^- 

Again,  if  we  carry  a  quantity  of  electricity  =  Q  from  one  elec- 
trical level  or  potential  Vj  to  another  V2,  the  work  done  will  be 
equal  to  |V2  —  V-J  Q.  Now  in  a  Leyden  jar,  if  we  double  the 
quantity  of  electricity  which  we  put  into  it,  we  double  at  the 
same  time  the  difference  of  potential  or  level  between  the  inside 
arid  the  outside  (the  outside  being  always  at  the  level  of  the 
earth),  and  thus  the  energy  of  the  discharge  (represented  by  the 
heat  produced)  will  be  four  times  as  great  in  the  second  case  as 
it  is  in  the  first. 

12.  In  dynamical  electricity  the  unit  magnetic  pole  replaces 
the  test  unit  of  the  previous  articles.  This  is  that  pole  of  a 
magnet  which  points  to  the  north,  and  it  is  regarded  exclusively 
and  without  reference  to  that  other  pole  of  the  same  magnet 
which  points  to  the  south,  and  which  we  may  if  we  choose 
imagine  to  be  at  an  infinite  distance  from  us,  thus  producing  no 
influence.  Bearing  this  in  mind,  a  unit  magnetic  pole  is  a  pole 
which  exerts  unit  force  (one  dyne)  on  another  similar  pole  placed  at 
unit  distance  from  it. 

It  will  thus  be  seen  that  a  unit  pole  may  be  regarded  in  the 
same  light  as  unit  mass  or  unit  quantity  of  electricity,  and  may 
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be  looked  upon  as  possessing  4?r  lines  of  force.  Hence  if  the 
intensity  of  the  pole  Le  m  the  number  of  lines  of  force  will 
be  47rm.  In  reality,  however,  we  never  have  a  north  pole 
without  a  south  pole,  and  in  some  respects  instead  of  imagining 
an  infinitely  long  magnet,  it  is  desirable  to  consider  the  action 
of  an  extremely  small  one  where  the  poles  are  very  near  to- 
gether instead  of  being  very  far  apart.  Now,  let  us  suppose 
such  an  exceedingly  small  magnet  to  be  carried  from  the  north 
to  the  south  pole  of  a  large  bar  magnet  in  such  a  way  that  its 
axis  shall  always  lie  along  the  direction  in  which  it  is  carried. 
In  this  case  it  will  describe  in  its  path  a  line  of  force  which  will 
be  a  curved  line.  The  lines  of  force  of  a  bar  magnet  the  student 
has  already  obtained  experimentally  in  Chap.  II.  They  con- 
sist of  loops  stretching  from  pole  to  pole.  If  therefore  we  were 
to  imagine  a  gigantic  bar  magnet  and  a  man  to  set  forth  from 
one  pole  of  it  on  a  dark  night  with  an  illuminated  compass 
needle  in  his  hand,  always  walking  in  the  direction  in  which  the 
needle  pointed,  he  would  ultimately  be  led  to  the  other  pole. 
It  will  be  noticed  that  the  lines  of  force  are  much  concentrated 
about  the  poles,  and  it  is  there  that  the  resultant  force  is  the 
strongest. 

13.  While,  however,  exceedingly  small  magnets,  such  as  iron 
filings,  are  useful  to  enable  us  to  perceive  graphically  the  lines 
of  force  of  a  large  magnet,  for  scientific  purposes  we  must  keep 
to  our  unit  pole,  and  it  will 
likewise  be  necessary  that  the 
student  should  conceive  the  idea 
of  a  magnetic  shell,  which  is 
supposed  to  act  on  this  unit 
pole.  Suppose  that  we  have 
an  infinite  number  of  thin  short 
magnets  of  equal  strength,  and 


that  we  insert  them  perpen- 
dicularly into  a  circular  space 
in  the  plane  of  this  paper  in 
such  a  manner  that  (1.)  they  shall  be  regularly  distributed 
throughout  the  area,  and  that  (2.)  the  centres  shall  all  be  in 
the  plane  of  the  paper,  the  N.  poles  all  above  and  the  S.  poles 
VOL:  IT.  2  H 
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all    below.       This   arrangement  is  a  simple  magnetic   shell   (see 
p.  333  of  this  volume). 

Again,  we  may  imagine  a  great  number  of  such  shells  to  be 
placed,  the  one  behind  the  other,  so  as  to  form  a  pile,  all  the  N. 
poles  of  the  one  coinciding  in  position  with  all  the  S.  poles  of  the 
next,  and  so  on.  It  is  clear  that  the  internal  shells  will  not 
exert  any  influence  on  our  pole,  inasmuch  as  the  N.  poles  are 
all  cancelled  by  the  S.  poles.  The  influence  of  the  system  will 
thus  depend  on  the  bounding  external  magnets. 

14.  Let  us  now  endeavour  to  find  the  potential  of  a  small 
circular  thin  magnetic  shell,  of  thickness  AB  (supposed  exceed- 
ingly small),  upon  a  unit  pole  placed  at  O,  and  let  us  first  (Fig. 
15)  suppose  that  0  is  a  point  in  continuation  of  the  normal 


Fig.  15. 

BA.  Let  the  small  circular  surface  of  the  shell  be  cr,  and  let 
+  p  be  the  strength  of  the  pole  of  the  shell  for  unity  of  surface  ; 
the  strength  for  the  whole  surface  will  thus  be  +  pa: 

Hence  the  positive  potential  of  the  surface  at  A  on  the  unit 
pole  at  0  will  be  -^,  while  the  negative  potential  of  the  other 
side  of  the  shell  will  be  g>.  Hence  the  whole  potential  will  be 
-  If  AB  be  small  this  will  become 
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po-^  nearly.  Now  /rBA  is  the  magnetic  moment  of  the  shell 
for  unit  of  surface,  while  ^  represents  (§10)  the  solid  angle 
subtended  at  the  point  0  by  lines  drawn  from  the  circumference 
of  the  shell.  We  may  therefore  assert  that  in  this  case  the 
potential  is  represented  by  the  moment  of  the  shell  per  unit  of 
area  multiplied  by  the  solid  angle  at  O  embraced  by  the 
boundary  of  the  shell,  or  in  other  words,  is  proportional  to  the 
apparent  size  of  the  shell  as  viewed  by  the  eye  at  0. 

If,  however  (Fig.  15),  0  be  not  a  point  in  prolongation  of 
the  normal,  then  the  potential  will  be  reduced  to  pa-  -j^  Bn 
being  the  difference  between  AO  and  BO.  That  is  to  say,  the 
potential  will  be  reduced  in  the  proportion  of  AB  to  En.  But 
a  little  consideration  will  show  that  the  solid  angle  at  0  is 
reduced  exactly  in  the  same  proportion.  It  follows  therefore 
that  in  this  case  likewise  we  may  assert  that  the  potential  is 
represented  by  the  magnetic  moment  of  unit  of  area  of  the  shell 
multiplied  by  the  solid  angle,  so  that  we  may  sum  up  for  all 
the  various  elements  of  the  shell,  and  assert  that  the  whole 
potential  of  the  shell  on  the  unit  pole  at  0  is  equal  to  the  magnetic 
moment  of  unit  of  area  of  the  shell  multiplied  by  the  whole  solid 
angle  at  0  embraced  by  the  boundary  of  the  shell.  The  potential 
will  therefore  be  pAB  x  solid  angle. 

15.  Suppose  now  the  unit  pole  to  be  placed  at  a  point  in 
the  plane  of  the  paper  beyond  the  rim  of  the  shell.  Here  the 
solid  angle,  and  hence  the  potential,  will  be  zero.  Now  let  the 
unit  pole  be  carried  above  the  plane  of  the  paper  and  towards 
the  shelL  In  the  course  of  this  carriage  the  solid  angle  and 
hence  the  potential  will  increase,  and  the  potential  being  positive, 
there  will  be  a  force  resisting  the  carriage  of  the  pole.  Imagine 
that  this  goes  on  until  the  unit  pole  reaches  the  shell  and  is  made 
to  go  through  it,  and  that  on  the  other  side  of  the  paper  it 
performs  below  a  journey  precisely  similar  to  that  which  it 
performed  above,  returning  back  to  the  point  from  which  it 
started.  It  is  clear  that  as  soon  as  it  has  crossed  the  shell  the 
sign  of  the  potential  and  the  direction  of  the  force  is  reversed,  so 
that  it  will  now  perform  the  second  portion  of  its  journey  against 
an  attractive  force.  It  will  thus  in  fact  be  resisted  all  through 
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the  journey,  and  energy  will  have  to  be  spent  upon  it  all  the 
way.  We  have  thus  a  state  of  things  very  different  from  what 
we  considered  in  the  beginning  of  this  Appendix,  for  since  work 
has  been  done  upon  the  pole  in  carrying  it  back  to  the  point 
from  which  it  started,  we  cannot  say  that  the  potential  is  the 
same.  In  this  case  the  potential  of  the  point  is  said  to  have 
discontinuous  values  at  the  surface  of  the  shell. 

If,  however,  in  its  journey  the  pole  does  not  pass  through 
the  attracting  system,  but  goes  round  it,  returning  back  to  the 
point  from  which  it  started,  on  the  whole  no  work  will  either  be 
done  by  or  upon  the  pole,  and  the  potential  of  the  point  has 
thus  only  one  value.  It  is  in  fact  now  similar  to  the  case  that 
we  considered  in  statical  electricity. 

It  is  clear  that  when  the  unit  pole,  travelling  towards  the 
shell,  arrives  at  A  the  solid  angle  will  be  180°  all  round,  and 
in  accordance  with  the  method  of  estimating  such  angles  (§  10) 
its  value  will  be  2?r.  If,  therefore,  the  moment  of  the  magnetic 
shell  for  unit  of  area  be  unity  its  potential  will  be  +  2?r  when 
the  unit  pole  touches  it  on  one  side,  and  when  it  passes  through 
to  the  other  side  this  will  become  —  2?r. 

Now,  if  instead  of  a  unit  N.  pole  we  were  to  carry  a  unit  S. 
pole  through  the  shell  in  the  same  way,  we  should  have  work 
done  by  the  pole  instead  of  upon  it  throughout  the  journey.  Is 
there  therefore  in  the  one  case  a  destruction  and  in  the  other  a 
creation  of  energy  ?  By  no  means.  The  reader  must  bear  in 
mind  that  a  unit  N.  pole  apart  from  a  corresponding  S.  pole  is 
not  a  reality,  and  that  what  we  should  do  in  fact  would  be  to 
carry  a  magnet  through  the  shell,  in  which  case  the  work  done 
upon  the  one  pole  would  be  counterbalanced  by  the  work  done 
by  the  other.  There  would  therefore  be  no  creation  or  destruc- 
tion of  energy.  In  fine,  when  a  magnet  is  passed  through  the 
shell  from  a  point  without  and  goes  back  again  to  the  point,  as 
we  have  supposed,  without  again  passing  through  the  shell,  there 
is  work  done  by  the  one  pole  and  as  much  done  upon  the  other. 
If,  however,  on  its  journey  the  magnet  does  not  pass  through 
the  shell  at  all,  there  is  on  the  whole  no  work  done  by  or  against 
either  pole. 

16,   Instead  of  finding  the  potential  of  the  shell  upon  the 
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magnet,  we  may  wish  to  know  the  equal  and  opposite  potential 
of  the  magnet  upon  the  shell  (see  §  24  of  this  Appendix).  Here 
it  will  be  seen  that  the  solid  angle  made  at  0  by  the  boundary 
of  the  shell  represents  and  is  equal  to  the  number  of  lines  of 
force  of  the  magnet  which  are  enclosed  by  the  shell,  and  as  the 
number  of  such  lines  will  likewise  vary  with  the  strength  of  the 
pole  at  O,  we  may  finally  assert  that  the  potential  of  the  magnet 
at  0  upon  the  shell  will  be  equal  to  the  magnetic  moment  of  unit  of 
area  of  the  shell  multiplied  by  the  whole  number  of  lines  of  force 
intercepted  by  the  shell. 

17.  Let  us  now  consider  the  lines  of  force  of  a  current,  and 
let  us  imagine  that  we  have  near  us  an  indefinitely  long  vertical 
wire  conveying  a  current,  the  other  parts  of  the  circuit  (which 
must  be  a  closed  one)  being  infinitely  remote.     Magnets  will 
tend  to  set  themselves  at  right  angles  to  such  a  current,  so  that 
the  lines  of  force  will  be  horizontal  circles,  and  the  equipotential 
surfaces  planes  passing  through  the  current 

18.  Next,  with  regard  to  a  closed  current,  which,  for  the 
sake  of  simplicity,  we  may  suppose  to  be  circular,  it  is  clear 
from  p.  333  of  this  volume  that  such  a  current  is  fully  repre- 
sented by  a  simple  magnetic  shell  filling  up  the  area  of  the 
circle,  and  having  a  moment  per  unit  of  area  proportional  to  the 
strength  of  the  current.      A  little  consideration  will  show  that 
this  statement  affords  us  at  once  a  method  of  defining  current 
strength.     It  would  be  convenient  to  regard  that  current  strength 
as  unity  where  the   representative  magnetic  shell   has  likewise  a 
moment  per  unit  of  area  equal  to  unity.     But  how  will  this  defi- 
nition agree  with  that  which  we  have  virtually  accepted  in  the 
text  (Art  118)?    The  definition  adopted  in  the  text  is  as  follows : 
— Unit  current  is  one  which,  in  a  wire  of  unit  length  bent  so  as 
to  form  an  'arc  of  a  circle  of  unit  radius,  would  act  upon  a  unit 
pole  at  the  centre  of  the  circle  with  unit  force.     Suppose,  for  in- 
stance, that  we  have  a  current  whose  strength  is  unity  flowing 
in  a  circle  of  unit  radius.     It  will  be  seen  from  Art.  118  that 
its  force  upon  a  unit  pole  at  the  centre  will  be  2ir.      Now 
this  will  at  the  same  time  denote  the  force  of  a  circular  mag- 
netic shell  of  unit  radius,  whose   magnetic  moment  per  unit 


470  APPENDIX.  [B. 

of  area  is  unity.     It  thus  appears  that  the  two  definitions  agree 
together  perfectly. 

9.  Most  of  the  results  contained  in  this  volume  contem- 
plate a  steady  current,  the  energy  of  which  is  spent  upon  the 
circuit — generally  taking  the  shape  of  heat.  We  must,  however, 
remember  that  the  current  has  a  field  as  well  as  a  circuit,  and 
that  the  first  effect  of  making  contact  is  to  establish  the  current 
and  its  field.  Then  we  have  the  period  of  steady  current  and 
steady  field;  and  finally,  when  contact  is  broken,  we  have  the 
withdrawal  of  the  current  and  its  field.  Now  when  we  make  the 
current  to  do  work  in  its  field,  since  there  can  be  no  creation  of 
energy,  this  will  be  done  at  the  expense  of  the  current  strength 
in  the  circuit.  This  lessening  of  the  current  in  the  circuit,  or 
opposing  current,  is  in  reality  what  is  known  as  an  induced 
current. 

2O.  In  order  to  render  our  conception  definite,  let  us  imagine 
that  we  have  a  circular  current  of  strength  i,  also  let  R  denote 
the  resistance  of  the  circuit.  Furthermore,  let  there  be  a  unit 
pole  in  the  field  of  this  circuit,  so  placed  as  to  be  attracted  by 
the  current.  Suppose  also  that  this  pole  is  being  moved  with 
a  uniform  velocity  towards  the  current  during  the  very  small 
time  T  for  which  we  are  regarding  the  current.  Work  will 
evidently  be  done  by  the  pole.  Let  N  denote  the  number 
of  lines  of  force  of  the  pole  which  pass  through  the  circuit  at 
the  beginning  of  this  motion,  and  let  N'  denote  the  same  at  the 
end,  then  the  work  done  will  be  by  §  16  (since  a  current  may 
be  treated  as  a  magnetic  shell)  =  (N'  -  N)t.  For  the  sake  of 
simplicity  let  us  imagine  that  our  circuit  is  1000  miles  long, 
and  that  the  battery  is  at  one  end,  while  the  inductive  action 
takes  place  at  the  other.  Now  clearly  the  amount  of  zinc  burnt 
in  the  battery  will  always  be  proportional  to  the  current  -i, 
whether  or  not  there  be  induction  at  the  other  end  of  the  circuit. 
The  energy  which  is  caused  by  the  burning  of  the  zinc  will 
therefore  be  proportional  to  i,  and  this  energy  will  be  represented 
by  Eir,  where  E  denotes  the  normal  electromotive  force  of  the 
battery  when  there  is  no  induction.  But  while  we  assert  that 
the  whole  energy  is  Eir,  we  do  not  assert  that  E  represents  the 
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electromotive  force  when  induction  is  taking  place.  There  will,  on 
the  contrary,  be  a  back  current  and  a  back  electromotive  force. 
Thus  (p.  263)  during  the  time  r  the  whole  energy  of  the  battery 
is  Etr.  Also  the  amount  of  energy  expended  in  heat  in  the  circuit 
is  Rt'2r.  Now  during  this  movement  the  battery  has  both  to 
heat  the  circuit  and  to  do  work  in  the  field.  Hence 


Er 

Let  t'0  denote  the  steady  current  in  the  circuit  when  no  work  is 
being  done  in  the  field,  then,  by  Ohm's  law,  E  =  Ri0.  Hence 

Ri0r=RzV  +  (N'-N). 
Hence  also 

R(i-t0)T=-(N'-N), 
and 

N'-N 
(I-IO)T=  --  £—  , 

or 

.     .         N'-N     1 
^-^0=      -T-X^. 

Now  t  —  i0  is  the  strength  of  the  induced  current,  and  thus  it 
will  be  seen  that  this  induced  current  is  represented  in  strength 
by  the  number  of  lines  of  force  added  in  unit  of  time  divided  by  the 
resistance  of  the  circuit. 

21.  Let  us  see  what  will  happen  if  there  be  no  current  in 
the  circuit  towards  which  the  magnetic  motion  is  made.     This 
means  that  iQ  =  0,  and  we  might  expect  from  the  above  expres- 
sion that  we  shall  still  have  an  induced  current.      It  will,  how- 
ever, be  in  the  opposite  direction  to  that  of  the  current  which 
produces  attraction  of  the  pole,  and  hence  it  will  repel  the  pole. 
In  other  words,  we  shall  have  to  do  work  in  bringing  the  mag- 
netic pole  towards  the  circuit,  and  the  mechanical  equivalent  of 
this  work  will  take  the  form  of  an  induced  current  produced  in 
the  circuit  by  the  motion  of  the  magnet. 

22.  In  discussing  this  question  we  have  taken  a  unit  pole 
as  one  of  our  two  systems,  but  a  little  consideration  will  show 
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that  the  results  may  be  extended  to  the  lines  of  force  proceed- 
ing from  any  two  systems.  For  let  us  consider  two  systems, 
A  and  B,  and  take  the  lines  of  force  from  the  first  system  A 
(whose  potential  upon  the  second  system  B  we  wish,  let  us 
say,  to  find),  limiting  ourselves  to  those  lines  which  proceed  to 
a  very  small  area  of  the  magnetic  shell  which  represents  the 
second  system.  Let  these  lines  of  force,  which  we  may  regard 
as  parallel  to  each  other,  be  equal  to  n,  and  let  the  magnetic 
moment  for  unity  of  area  of  the  second  system  be  /oAB,  as 
in  §  14.  It  is  clear  that  pAB  x  n  will  denote  the  potential 
produced  by  the  first  system  on  this  element  of  the  second, 
and  that  it  is  a  matter  of  no  consequence  whether  these  lines 
of  force  proceed  from  a  single  pole  or  from  a  complicated 
system.  They  are  parallel  to  each  other,  and  are  in  number 
equal  to  n,  and  this  determines  their  effect  upon  this  element. 
Hence  the  whole  effect  of  the  first  system  on  the  second  will 
be  /oAB  x  {n^  +  n2  +  etc.}  =  pAB  x  N.  But  pAB  is  the  intensity 
of  the  current  in  the  second  system.  Hence  the  potential  of  the 
first  system  upon  the  second  is  represented  by  the  number  of 
lines  from  the  first  system  which  the  second  intercepts,  multi- 
plied by  the  intensity  of  the  current  in  the  second  system. 

23.  Let  us  now  suppose  that,  as  in  Fig.  16,  we  have 
a  rectangular  system  consisting  of  thick  metallic  rails,  of  which 
the  resistance  may  be  neglected.  Let  this  system  be  open 
at  one  end,  but  capable  of  being  completed  by  a  rail  AB  (of 
resistance  =  K),  which  may  slide  perpendicularly  between  the 

rails.     Suppose  the  system  to 

I      i be  horizontal,  so  that  the  lines 

of  force  due  to  the  vertical 
component  of  the  earth's  mag- 
netism will  pass  through  it 


perpendicular  to  the  plane  of 
F}    16  the  paper.      Call  the  intensity 

of  the  force  V.     Now  let  AB 

be  made  to  move  to  the  right  with  a  uniform  velocity  BB'  =  v, 
so  that  at  the  end  of  unit  of  time  it  will  be  found  to  occupy 
the  position  A'B'.  Also  let  the  distance  AB  between  the  bars  be 
denoted  bv  d.  It  is  thus  clear  that  the  number  of  vertical  lines 
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of  force  that  will  be  added  to  the  circuit  in  unit  of  time  will 
be  those  comprised  in  the  space  ABB' A'  =  VcZv,  and  hence  by 
Art.  20  the  current  produced  in  the  circuit  will  be  C  =  ^- 

Let  us  here  pause  for  a  moment  and  attempt  to  realise  the 
significance  of  this  result.  By  means  of  the  definition  of  §  18 
we  can  at  once  measure  current  strength. 

Suppose  now  that  we  proceed  with  our  definitions,  and  define 
our  units  of  electromotive  force  and  of  resistance  as  follows  : — 

Unit  electromotive  force  is  that  which  must  be  main- 
tained between  the  ends  of  a  conductor  in  order  that  unit  current 
may  do  unit  work  in  a  second.  Again 

Unit  resistance  is  that  of  a  conductor  in  which  unit  cur- 
rent is  produced  by  unit  electromotive  force  between  its  ends. 

Now  in  Ohm's  law  there  are  three  things — current,  electro- 
motive force,  and  resistance,  and  when  any  two  of  these  are 
known  we  can  find  the  third.  We  know  how  to  measure  the 
current,  but  we  require  also  to  know  how  to  measure  the  electro- 
motive force  or  the  resistance — one  of  the  two.  The  above  de- 
finitions show  us  that  in  order  to  do  this  we  should  require  to 
know  the  work  done  by  the  current  in  one  second.  Now  this 
work  takes  the  shape  of  heat,  so  that  in  order  to  estimate  it 
exactly  we  should  not  only  require  an  accurate  calorimetric 
method,  but  an  exact  knowledge  of  the  mechanical  equivalent  of 
heat.  The  result  which  we  obtained  above  will,  however,  enable 
us  to  measure  either  the  E.  M.  F.  or  the  resistance  without  the 
necessity  of  employing  calorimetric  methods.  For  we  have 
C  =  ^.  Hence  CR  =  Vdv  =  E  (by  Ohm's  law).  Now  V,  d,  v, 
and  C  can  be  easily  measured,  and  hence  both  E  and  R  become 
known.  We  may  therefore  adopt  the  following  definition  : — 
Unit  electromotive  force  is  that  which  is  created  in  a  con- 
ductor moving  through  a  magnetic  field  at  such  a  rate  as  to  cut  one 
unit  line  per  second. 

In  practice,  however,  the  method  of  the  sliding  rail,  which 
is  exceedingly  useful  to  give  us  a  simple  conception  of  the  prob- 
lem, is  not  the  one  adopted,  but  we  use  instead  a  revolving  coil, 
such  as  that  described  in  the  text 

24.   Hitherto  we  have  for  the  most  part  regarded  the  subject 
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of  potential  by  the  aid  of  a  test  unit,  representing  the  potential 
of  a  system  at  a  point  P  by  the  work  done  by  or  upon  the  unit 
as  it  is  carried  from  P  to  an  infinite  distance  from  the  system. 
But  in  §  22  we  extended  our  view  so  as  to  embrace  the  whole 
potential  of  one  system  upon  another.  Continuing  this  method 
of  treatment,  let  there  be  two  systems  A  and  B,  then  we  may 
define  the  potential  of  A  upon  B  to  be  the  work  done,  let  us 
say,  by  B  as  it  is  carried  from  its  present  position  to  an  infinite 
distance  from  A  ;  and  we  may  define  the  potential  of  B  upon 
A  in  similar  terms.  It  is  easy  to  see  that  the  potential  of  A 
upon  B  is  equal  to  that  of  B  upon  A,  for  we  may  represent 
any  current  system  A  by  a  magnetic  shell  which  may  be  sup- 
posed to  consist  of  a  series  of  centres  at  which  quantities  of 
attracting  and  repelling  matter,  mv  wi2,  ws,  etc.  are  placed  ; 
and  we  may  in  like  manner  represent  a  current  system  B  by 
centres  at  which  quantities  of  similar  matter,  n-^  9i2,  ny  etc. 
are  placed.  Now  any  small  component  of  the  potential  exerted 
by  A  on  B  will  be  represented  by  — ^}  and  this  will  also  denote 
the  small  corresponding  component  of  the  potential  exercised 
by  B  on  A.  Hence  the  whole  potential  of  A  on  B  is  equal  to 
the  whole  potential  of  B  on  A. 

Again,  it  will  be  seen  from  §  22  that  if  we  have  a  current  of 
intensity  i^  in  the  circuit  A,  the  potential  of  the  system  B  upon 
it  will  be  represented  by  i^  multiplied  by  the  number  of  lines 
of  force  of  B  intercepted  by  A  ;  and  if  we  have  a  current  i.2  in 
B  the  potential  of  the  system  A  upon  it  will  in  like  manner  be 
represented  by  i2  multiplied  by  the  number  of  lines  of  force  of 
A  intercepted  by  B.  If  we  bear  in  mind  that  the  number  of 
lines  of  force  which  proceed  from  a  circuit  is  proportional  to 
the  intensity  of  the  current  in  that  circuit,  it  will  be  seen  that 
the  mutual  potential  between  A  and  B  is  represented  by  a 
quantity  which  is  proportional  to  the  product  i^  x  i>2  and  that 
the  result  will  be  the  same  whether  the  current  i^  be  in  A  and 
i2  in  B,  or  vice  versa. 

25.  Now  let  the  current  in  B  be  unity,  and  let  there  be  no 
current  in  A,  and  suppose  that  in  a  very  small  time  T  the 
system  B  is  carried  to  an  infinite  distance  from  A.  We  shall 
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have  by  §  20  .an  induced   current   in  A,  which  may  be  repre- 
sented thus  :  — 

f  Number  of  lines  of  force  of 

B  ™ 


Resistance  of  A 

inasmuch  as  these  lines  of  force  have  been  withdrawn  in  the 
time  T.  Furthermore,  the  same  result  will  follow  if  the  cir- 
cuit at  B  is  simply  broken,  the  operation  of  disestablishing  the 
current  lasting  for  a  small  time  T. 

It  follows  from  what  we  have  said  that  if  there  be  unit  cur- 
rent in  A  and  none  in  B,  and  if  the  current  in  A  be  broken,  we 
shall  have  precisely  the  above  number  of  lines  of  force  withdrawn 
from  B.  Let  us  call  the  total  induced  current  M  when  the 
resistance  is  unity,  then  M  is  called  the  coefficient  of  mutual  induc- 
tion between  A  and  B,  so  that  if  i  denote  the  primary  current  in 
A  while  there  is  none  in  B,  and  if  the  current  in  A  be  broken, 
the  total  induced  current  in  B  will  be  Resistat^e  pf  B,  and  if  i 
denote  the  primary  current  in  B  while  there  is  none  in  A,  the 
total  induced  current  in  A  will  be 


Resistance  of  A' 

C. 
VARIOUS  SYSTEMS  OF  ELECTRICAL  UNITS. 

(a)  Electrostatic  Units  (C.  G.  S.) 

(1.)  The  unit  quantity  of  electricity  is  that  which  exerts  the 
unit  of  force  (one  dyne)  on  a  quantity  equal  to  itself,  at  a  dis- 
tance of  one  centimetre  across  air. 

(2.)  The  unit  difference  of  potential  exists  between  two  points 
when  unit  of  work  (one  erg)  is  spent  by  unit  of  electricity  in 
moving  from  the  one  to  the  other  against  electric  repulsion. 

(3.)  When  there  is  a  distribution  equivalent  to  unit  quantity 
of  electricity  per  square  centimetre  on  any  small  portion  of  a 
charged  conductor,  then  unit  density  of  electricity  exists  at  that 
place.  In  most  cases  the  density  changes  continuously  from 
one  portion  of  a  charged  conductor  to  another. 
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(4.)  The  capacity  of  a  conductor  is  the  quantity  of  electricity 
necessary  to  give  it  unit  difference  of  potential. 

(5.)  The  coefficient  by  which  the  capacity  of  an  air  condenser 
must  be  multiplied  in  order  to  give  the  capacity  when  another 
dielectric  is  used,  is  called  the  specific  inductive  capacity  of  that 
dielectric. 

(fi)  Electro-Magnetic  Units  (C.  G.  S.) 

(1.)  A  unit  magnetic  pole  is  that  which  repels  a  similar  pole 
at  unit  distance  (one  centimetre)  with  unit  force  (one  dyne). 

(2.)  A  unit  current  is  one  which,  in  a  wire  of  unit  length  bent 
so  as  to  form  an  arc  of  a  circle  of  unit  radius,  would  act  upon  a 
unit  pole  placed  at  the  centre  of  the  circle  with  unit  force. 

(3.)  Unit  quantity  of  electricity  is  the  quantity  which  a  unit 
of  current  conveys  in  unit  of  time. 

(4.)  Unit  electromotive  force  is  that  which  must  be  maintained 
between  the  ends  of  a  conductor  in  order  that  unit  current  may 
do  unit  work  in  a  second. 

(5.)  Unit  resistance  is  that  of  a  conductor  in  which  unit 
current  is  produced  by  unit  electromotive  force  between  its 
ends. 

(C.)  Unit  capacity  is  that  of  a  condenser  which  will  be  at  unit 
difference  of  potential  when  charged  with  unit  quantity. 

(y)  Practical  System  of  Units. 

(1.)  The  coulomb  or  practical  unit  of  quantity  =  10"1  C.  G.  S. 
units. 

(2.)  The  volt  or  practical  unit  of  electromotive  force  =  1 08  C.  G.  S. 
units. 

(3.)  The  ohm  or  practical  unit  of  resistance  =  1 09  C.  G.  S. 
units. 

(4.)  The  farad  or  practical  unit  of  capacity  =  1 0~9  C.  G.  S. 
units.  The  microfarad,  or  one  millionth  of  a  farad,  is  fre- 
quently used. 

(5.)  The  ampere  or  practical  unit  of  current  is  that  which 
passes  one  coulomb  per  second.  The  ampere  is  equal  to  the 
current  of  electricity  transmitted  through  one  ohm  by  one  volt. 
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D. 
DETERMINATION  OF  E.  M.  F. 

1.  This  appendix  will  be  devoted  to  a  description  (1.)  of 
some  standards  of  electromotive  force,  and  (2.)  of  some  special 
methods  of  comparing  electromotive  forces. 

2.  The    difficulty    of    producing   a    constant  standard    of 
E.  M.  F.  is  so  great  that  no  official  standard  has  as   yet  been 
issued.     The  best  substitutes  are  certain  forms  of  Daniell's  cell 
and  the  mercury  cell  of  Latimer  Clark. 

3.  Standard  Forms  of  DanieWs   Cell.  —  Daniell's  cells   are 
fairly  constant  as  long  as  copper  from  the  copper  sulphate  is 
prevented  from  being  deposited  on  the  zinc.     The  various  forms 
of  standard  cells  exhibit  different  ways  of  retarding  this  deposit. 
The  chief  forms  are  : — 

.  (1.)  The  Post  Office  Form. — A  box  is  made  with  three  com- 
partments, each  of  which  contains  a  glass  battery  jar.  The 
middle  cell  is  called  the  working  cell,  the  lateral  cells  are  the 
idle  cells.  The  working  cell  contains  a  semi-saturated  solution 
of  zinc  sulphate,  and  at  its  bottom  there  are  scraps  of  zinc.  The 
idle  cells  contain  water  only.  When  the  cell  is  not  in  use,  in 
one  idle  cell  lies  a  plate  of  zinc,  and  in  the  other  a  porous  pot 
containing  a  saturated  solution  of  copper  sulphate,  in  which  is 
immersed  a  copper  plate.  When  the  cell  is  required  to  be  in 
action  the  zinc  and  the  porous  pot  with  its  contents  are  brought 
into  the  working  cell.  After  the  test  has  been  made  they 
should  be  again  removed  to  the  idle  cells.  The  purpose  of  the 
zinc  scraps  is  to  decompose  any  copper  sulphate  that  may  have 
been  diffused  through  the  porous  pot.  As  long  as  the  zinc  plate 
is  kept  clean  and  the  cell  is  in  good  condition  the  E.  M.  F.  of  the 
cell  is  assumed  to  be  about  1'07  volt  The  cell  is  only  adapted 
for  rough  commercial  purposes.  Lord  Rayleigh  found  that  two 
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specimen  cells  differed  by  2*5  per  cent,  the  mean  values  being 
1-081  and  T056  true  volt. 

(2.)  Raoulfs  Cell. — This  consists  essentially  of  two  separate 
cells,  one  containing  the  zinc  and  zinc  sulphate,  and  the  other  the 
copper  and  copper  sulphate.  Connection  is  made  between  these 
cells  by  an  inverted  U  tube  containing  zinc  sulphate  solution. 
The  ends  of  the  U  tube  are  tied  over  with  pieces  of  bladder. 
III.  of  Fig.  17  shows  a  modified  form  of  this  type.  Here,  when 
one  cell  is  required  to  be  connected  with  the  other,  some  of  the 
zinc  sulphate  is  made  to  fill  the  connecting  limb.  This  may  be 
done  by  blowing  down  the  straight  tube. 

(3.)  Sand  Cells  and  the  Cells  of  Beetz. — I.  of  Fig.  17  shows  one 


Fig.  17.— FORMS  OF  STANDARD  DANIELL'S  CELLS. 

of  these  cells  made  from  a  U  tube.  In  the  sand  cells  a  layer 
of  clean  sand  is  placed  in  the  bend,  and  is  saturated  with  zinc 
sulphate  solution,  which  is  also  contained  in  one  limb,  whilst  in 
the  other  limb  is  a  solution  of  copper  sulphate.  Here  the  sand 
retards  for  a  long  time  the  diffusion  of  the  copper  sulphate. 
The  process  of  diffusion  may  be  still  more  retarded  by  follow- 
ing the  process  of  Beetz,  who  mixes  the  liquids  with  plaster  of 
Paris  so  as  to  form  a  paste,  which  may  be  poured  into  the  limbs, 
where  it  will  harden. 
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(4.)  Fleming's  Cell. — We  are  indebted  *  to  Dr.  Fleming  for 
making  a  thorough  examination  of  the  best  conditions  of  con- 
stancy in  a  Daniell's  cell.  He  has  devised  a  form  of  cell  which 
we  have  found  convenient  to  modify  into  the  form  shown  in  IL, 
Fig.  1 7.  It  consists  of  a  U  tube  having  a  stopcock  at  the  bottom 
of  one  of  the  limbs.  The  open  ends  of  both  limbs  are  fitted 
with  perforated  india-rubber  corks.  Through  the  left-hand  one 
passes  a  copper  rod,  and  through  the  right-hand  one  a  zinc  rod. 
The  rods  are  made  of  the  purest  materials  procurable  ;  the  zinc 
is  a  rod  of  twice-distilled  zinc  that  has  been  amalgamated  with 
pure  mercury,  the  copper  is  formed  by  electro-deposition  on  fine 
copper  wire.  Strapped  by  elastic  bands  to  the  two  limbs  are 
two  idle  tubes,  b  and  c,  for  the  reception  of  the  rods  when  the 
cell  is  not  in  use.  The  solutions  for  charging  the  cell  consist 
of  pure  zinc  sulphate  and  pure  copper  sulphate.  The  absolute 
density  of  the  solutions  is  not  a  matter  of  importance  within 
certain  limits,  provided  that  both  solutions  are  of  the  same 
density.  In  filling  the  cell  first  pour  a  layer  of  zinc  sulphate 
into  the  bend  of  the  U  tube  up  to  the  level  a,  and  then  pour 
simultaneously  down  the  right  and  left  limbs  the  solutions 
of  zinc  and  copper  sulphate.  There  should  be  a  well-marked 
line  of  demarcation  between  the  two  liquids  at  a.  In  order  to 
secure  this  the  cell  should  be  occasionally  tilted  to  the  right  and 
a  portion  of  the  copper  sulphate  run  off.  On  again  placing  the 
tube  vertical  the  layer  of  zinc  sulphate  will  be  above  a.  In  a 
cell  of  this  form  carefully  made  up,  the  solutions  must  not  mix 
at  the  place  of  contact,  and  the  copper  must  have  been  freshly 
electrotyped  and  must  be  free  from  spots  of  oxide.  Under 
these  circumstances  the  E.  M.  F.  is  very  nearly  T072  legal  volt 
The  cell  has  a  small  temperature  coefficient,  generally  negligible 
for  the  usual  range  of  temperature  in  a  laboratory. 

(5.)  Lodges  Cell. — This  is  convenient  for  many  experiments 
and  is  easily  put  together.  A  wide-mouthed  bottle  (Fig.  1 8)  is 
provided  with  a  cork.  Through  it  passes  the  wide  tube  T,  in 
which  is  the  rod  of  zinc.  A  small  test  tube  t  is  fastened  to  the 
end  of  T  by  an  elastic  band  At  the  bottom  of  t  are  crystals  of 

1  On  the  use  of  Daniell's  cell  as  a  standard  of  E.  M.  F.,  by  J.  A. 
Fleming,  see  Proc.  Phy.  Soc.,  vol.  vii.  p.  161. 
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sulphate  of  copper.  The  copper  electrode  is  the  bared  end  of  a 
gutta-percha  covered  wire  which  passes  through  a  hole  in  the 
cork  to  the  bottom  of  t.  The  bottle  contains  a  solution  of  sul- 
phate of  zinc. 

(6.)  Sir  William  Thomson's  Cell. — Here  (Fig.  19)  a  zinc  plate 
is  placed  at  the  bottom  of  the  cell.  On  it  is  poured  a  solution 
of  dense  sulphate  of  zinc  (density  1-2).  Above  the  zinc  is  the 


Fig.  19. — SIK  WM.  THOMSON'S  STANDARD. 


Fig.  18.— LODGE'S 
STANDARD  DANIELL. 


copper  plate.  By  using  the  funnel  F  a  solution  of  half-saturated 
sulphate  of  copper  is  carefully  poured  on  the  top  of  the  lower 
dense  solution.  The  E.  M.  F.  is  TO  7  true  volt 

4.  The  Normal  Element  of  Latimer  Clark — Since  this  cell 
was  originally  devised  it  has  been  subjected  by  different  experi- 
menters to  a  most  rigorous  examination,  to  ascertain  how  far  it 
may  be  employed  for  standard  purposes.  Lord  Rayleigh,  more 
especially,  has  recently l  not  only  worked  out  the  best  practical 
method  of  making  this  cell,  but  also  redetermined  its  value  in 
absolute  measure.  Fig.  20  shows  one  of  the  many  forms  that  the 
cell  may  take.  Through  the  bottom  of  a  stoppered  weighing 
tube  a  piece  of  platinum  wire  is  inserted  and  fused.  The  stopper 
is  also  perforated,  and  platinum  wire  is  passed  through  it  and 
fused.  An  ebonite  tubp  E,  divided  nearly  into  two  portions, 
mounted  on  a  wooden  block,  serves  as  a  stand  for  the  cell.  The 
platinum  wires  are  connected  to  the  binding  screws  fixed  to  the 

1  See  Phil  Trans..  1884.  part  ii.  ;  and  1885.  part  ii. 
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ebonite.     The  bottom  of  the  cell  contains  mercury  (Ry\  and  on 

this  is  a  layer  of  paste  (Sw),  made  by  mixing  mercurous  sulphate 

with  a  solution  of  zinc  sulphate.      The 

paste  is    sufficiently  liquid    to  form   on 

standing  a  layer  of  liquid  at  the  upper 

part,  P.     In  the  paste  is  immersed  a  rod 

of    zinc   Zn  that  has  been    soldered    to 

the  platinum   wire  passing  through  the 

stopper. 

The  cell  just  described  is  only  suitable 
for  special  experimental  purposes.  Where 
a  large  number  has  to  be  made  up  it  is 
better  to  use  simply  a  tube,  such  as  a 
small  test  tube,  sealed  at  the  top  with 
marine  glue.  The  method  of  charging  the 
cells,  with  the  several  essential  precau- 
tions, will  now  be  given,  mainly  in  Lord 
Rayleigh's  own  words  : — 

(1.)  Pour  in  sufficient  mercury  to  cover 
the  platinum  wire  sealed  through  the  bottom 
of  the  tube.  The  best  mercury  for  the  pur- 
pose is  that  which  has  been  distilled  in  vacua. 

(2. )  The  paste  should  next  be  introduced, 
care  being  taken  not  to  soil  the  sides  above 
the  proper  level.  To  prepare  the  paste  it  is 
first  necessary  to  make  a  solution  of  zinc 
sulphate.  Mix  in  a  flask  distilled  water  witn  about  twice  its  weight 
of  crystals  of  pure  zinc  sulphate,  and  add  a  little  pure  zinc  carbonate 
to  neutralise  free  acid.  Effect  the  solution  by  gentle  heat.  Allow  the 
mixture  to  stand,  in  order  to  precipitate  any  iron  that  may  be  present. 
Filter  the  solution  in  a  warm  place  into  a  stock  bottle.  When  it  is 
intended  for  use,  expose  the  solution  to  a  gentle  heat  for  some  time, 
and  draw  off  the  solution  from  near  the  crystals  at  the  bottom  of  the 
bottle,  in  order  that  there  may  be  certainty  of  the  liquid  being  satu- 
rated. To  prepare  the  paste  rub  together  in  a  mortar  150  grammes 
of  pure  mercurous  sulphate,1  5  grammes  of  zinc  carbonate,  and  as  much 
of  the  saturated*  zinc  sulphate  as  is  required  to  make  a  thick  paste. 

1  In  purchasing  the  mercurous  sulphate  some  discretion  should  be 
exercised,  for  mercuric  sulphate  or  turpeth  mineral  may  be  substituted. 
The  mercurous  sulphate  should  be  white. 

2  Great  care  should  be  used  not  to  have  the  solution  supersaturated. 
VOL.  IL  2  I 


Fig.  20.  -THE  NORMAL 
ELEMENT  OF  CLARK. 
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It  is  best  to  leave  the  paste  in  a  mortar  for  two  or  three  days,  rubbing 
it  at  intervals  with  additions  of  zinc  sulphate  until  all  carbonic  an- 
hydride has  escaped.  The  paste  should  then  be  transferred  to  a 
well-stoppered  bottle,  where  it  should  keep  good  for  several  months. 
Before  pouring  out  for  use  the  bottle  should  be  well  shaken. 

(3. )  The  zincs  are  cut  from  rods  sold  as  redistilled  zinc.  A  copper 
wire,  insulated  with  gutta-percha,  should  be  soldered  to  the  top  of  each 
zinc,  after  which  the  zinc  should  be  cleaned  by  dipping  it  in  sulphuric 
acid,  and  then  washed  with  distilled  water  and  dried  by  filtering 
paper.  To  support  the  zinc  centrally  in  the  tube,  it  is  passed  through 
a  ring  of  cork  (nicked  to  allow  the  escape  of  air)  that  just  fits  within 
the  tube.  The  cork  is  pushed  down  until  its  lower  surface  nearly 
touches  the  paste,  in  order  that  as  much  air  as  possible  may  be  ex- 
cluded. Above  the  cork  a  layer  of  marine  glue  should  be  poured  in 
order  to  seal  the  cell. 

A  Clark  cell  prepared  according  to  the  above  rules,  when  (1.) 
protected  from  large  fluctuations  of  temperature,  (2.)  never  used 
in  short-circuit,  and  (3.)  only  used  with  exceedingly  weak  currents, 
has  an  E.  M.  F.  expressed  by  E  =  1-435{1  -  '0007 7(<  -  15)}, 
where  E  is  the  number  of  true  volts  and  t  is  the  temperature 
centigrade. 

5.  Comparison  of  Standard  Cells. — Owing  to  the  difficulties 
introduced  by  polarisation,  standard  cells  can  only  be  accurately 
compared  under  three  conditions — either  when  (1)  they  are  in 
open  circuit,  (2)  when  in  a  circuit  of  very  high  resistance,  or  (3) 
when  one  cell  is  balanced  against  another.  If  we  use  the  electro- 
meter or  condenser  the  cells  are  being  compared  under  the  first 
condition,  and  the  tests  are  independent  of  the  internal  resist- 
ance of  the  cells.  Hence  we  could  compare  directly,  say,  a  Grove 
of  -2  ohm  internal  resistance  against  a  Beetz  Daniell  of  over  1000 
ohms.  These  methods  have,  therefore,  an  important  advantage 
over  the  ordinary  galvanometer  methods,  where  means  must  be 
adopted  to  eliminate  the  battery  resistance.  However,  by  using  a 
galvanometer  of  high  sensibility,  in  whose  circuit  a  high  resistance 
is  included,  we  may,  by  adopting  the  method  of  sum  and  differ- 
ence (p.  240),  compare  cells  with  tolerable  accuracy.  The  last 
mentioned  method,  as  well  as  that  of  the  electrometer  and  that 
of  the  condenser,  are  direct  deflection  methods,  which  are  in- 
ferior to  the  methods  in  which  one  cell  is  balanced  against 
another.  Of  the  latter  kind  are  the  compensation  methods  of 
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Bosscha  and  Poggendorff,  possessing,  as  they  do,  all  the  advan- 
tages associated  with  zero  methods. 

6.   Bosscha's  Compensation  Method.1 — The  connections  shown 


1 


Fig.  21.— BOSSCHA'S  METHOD. 

in  Fig.  21  being  made,  the  resistances  Rj  and   R0  are  adjusted 
until  the  galvanometer  is  undeflected,  then 


(1) 


In  this  equation  (which  may  be  proved  by  applying  Kirchhoff's 
laws)  r^  and  r2  are  the  internal  resistances  of  the  cells  of  electro- 
motive force,  Ej  and  E2,  under  comparison.  By  finding  a  fresh 
pair  of  values,  R^  and  R'2,  which  will  also  give  equilibrium,  we 
shall  have,  as  before, 


From  (1)  and  (2)  we  obtain 


E2 


-  R' 


(3) 


Often  called  in  England  Lumsden's  Method. 
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an  equation  in  which  the  resistances  of  the  batteries  do  not 
appear.  This  forms  a  very  convenient  and  accurate  method  of 
comparison.  In  making  the  test  the  galvanometer  should  be 
one  of  great  sensibility,  and  the  adjustable  resistances  should  be 
high. 

Example.  — 


B'i  =  6600,  R'2  =  1600. 
E,  3231-775   2456 


E2    6600-1600     5000 


=  '4912. 


7.  Poggendorff's  Compensation  Method.  —  The  different  modifi- 
cations of  this  method  are  based  on  the  principles  explained  in 
Lesson  XXXVIII.,  from  which  it  will  be  seen  from  equations  (3) 
and  (4)  that  instead  of  eliminating  E  and  e  we  may  eliminate  x, 
with  the  result, 

E    a  -a' 


This  equation  thus  furnishes  a  method  of  comparing  E  and  e. 
By  replacing  e  by  a  second  cell  e',  and  obtaining  a  new  balance, 
we  can  compare  e  with  e  under  the  same  conditions,  namely, 
when  both  are  compensated.  Here 

E    x  +  a 


hence 


or  the  electromotive  forces  are  simply  as  the  resistances  included 
between  P  and  Q  in  the  two  cases,  PS  being  kept  constant.  If 
PS  be  a  uniform  wire  provided  with  a  linear  scale,  it  would 
only  be  necessary  to  read  off  the  position  of  Q  in  the  two  cases. 
This  last  method  is  often  adopted  ;  but  the  best  arrangement  is  that 
adopted  by  Lord  Rayleigh,  and  used  by  him  in  comparing  the 
Clark  cells.  The  compensating  battery  L  (Fig.  22)  consists  of 
two  Leclanche  elements.  It  is  connected  in  series  with  two 
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resistance  boxes,  R  and  R',  joined  by  a  short  thick  wire.  The 
derived  circuit  consists  of  the  cell  T  under  test,  a  high  resist- 
ance galvanometer,  a  coil  of  high  resistance  S  (to  prevent  acci- 
dental strong  currents  passing  through  the  cell),  and  a  key  K2. 
R  and  R'  are  adjusted  until  a  balance  is  obtained,  but  the  resist- 


Fig.  22  -  RAYLEIGH'S  COMPENSATION  METHOD. 

ance  between  A  and  JJ  is  always  Jcept=  10,000  ohms.  The  cell  T 
is  then  replaced  by  a  second  cell  T',  and  a  new  balance  is 
obtained.  If  we  call  the  resistances  between  A  and  C  in  two 
cases  r  and  r',  then 

T      r 


Example.  —  S  was  about  200,000  ;  it  consisted  of  a  pencil 
of  prepared  carbon.  T  consisted  of  one  Daniell's  cell,  and  T'  of 
two  cells  of  the  same  kind. 

r  =  3660,  /  = 
T     3660 


T'     7210 


=  -5076. 
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With,  the  reflecting  galvanometer  used  it  was  possible  to  adjust 
r  easily  to  within  2  ohms,  hence  this  result  may  be  considered 
accurate  to  within  =  '0002. 


E. 

METHOD    OF     DETERMINING     THE    TEMPERATURE 
AND  INDUCTION  COEFFICIENTS  OF  A  MAGNET. 

1.  In  determining  the  temperature  coefficient  of  a  magnet  it  is 
firmly  fixed  in  a  water-tight  wooden  box  provided  with  a  thermometer 
— being  placed  therein  upon  a  frame  in  such  a  manner  that  its  axis 
shall  lie  in  the  same  horizontal  plane  with  the  needle  of  a  unifilar 
magnetometer  a  short  distance  off.  It  is  adjusted  so  that  the  axis 
of  the  two  magnets  shall  be  at  right  angles  to  one  another — the  axis 
of  the  magnet  in  the  box  passing  through  the  centre  of  the  suspended 
magnet. 

Water  at  85°  F.  is  then  poured  into  the  box,  and  when  the  magnet 
has  become  heated  to  this  temperature  the  unifilar  magnet  is  brought 
to  rest  and  its  position  accurately  noted.  A  similar  observation 
is  made  at  60°  F.  and  35°  F.  After  this  another  series  of  similar 
observations  is  made,  beginning  at  85°  F.,  and  this  is  again  repeated 
once  or  twice.  Let  us  assume  that  the  readings  obtained  are  first  of 
all  corrected  for  changes  of  the  earth's  magnetic  force  during  the  pro- 
gress of  the  experiment,  ascertained  by  means  of  simultaneous  read- 
ings of  the  curves  of  self-recording  instruments,  or  by  some  other 
method.  When  this  has  been  done  the  following  demonstration  will 
show  how  the  temperature  coefficient  is  determined  from  the  corrected 
observations. 

Let  t0  denote  a  standard  temperature,  and  let  t  denote  the  tempera- 
ture of  observation,  then  we  may  with  much  probability  assume  the 
following  expression  for  the  magnetic  moment : — 

Magnetic  moment  at  t  =  m{I- q(t-tQ}-q'(t-t0}2}         .     (1) 
where  q  and  q'  are  coefficients  which  we  wish  to  determine. 

Now  let  m—  -Q-  sin  u  be  the  normal  equation  of  equilibrium  of  the 
unifilar  magnet  at  temperature  t0,  then  at  t  this  equation  will  become 

m{l-q(t-t»)-q\t-t^=^*in(u-du)      .          .     (2) 
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In  this  equation  substitute  the  above  value  of  m,  and  we  have 

TT_3  •  H/** 

-^-smu{l-q(t-t0)-q'(t-t^}=-^-8in(U-dU)        .     (3) 

Hence 

sin  u  -  q(t  -  <0)  sin  u  -  q'(t  -  i0)2  sin  u=  sin  (u  —  du). 

Now  let  q  sin  u=x  and  q'  sin  u  =  y,  and  we  have 

tQ)z  =  sinu-siii(u-du)          .        .     (4) 


from  which  x  and  y  may  be  found,  and  q  and  q'  easily  determined. 

There  is  one  remark  regarding  this  method  which  it  is  desirable  to 
make.  It  seems  possible  that,  at  least  in  most  cases,  when  a  magnet 
is  raised  from  a  lower  to  a  higher  temperature  and  then  lowered  again 
to  its  first  temperature,  there  is  a  loss  of  permanent  magnetism  caused 
by  the  process.  Suppose  now  that  the  magnet  was  vibrated  at  tempera- 
ture t,  and  then  immediately  used  as  a  deflector  at  the  same  temperature, 
we  may  suppose  that  m  in  the  one  case  is  identical  with  m  in  the 
other.  But  if  between  the  two  observations  the  temperature  be  first 
raised  to  t'  >t  and  then  lowered  to  t,  it  is  possible  that  the  moment  in 
the  one  case  will  not  be  the  same  as  that  in  the  other. 

But  this  difference  would  not  be  indicated  by  the  usual  formula  for 
temperature  corrections. 

For  hollow  cylindrical  magnets  Whipple  finds  that  the  mean  value 
of  q  for  1°  F.  is  0-000161  and  of  q'  0'00000043. 

2.  The  induction  coefficient  is  determined  from  observations  of 
deflection  made  after  the  method  of  Lament,  the  magnet  being 
alternately  placed  with  its  north  pole  upwards  and  downwards,  but 
always  at  the  same  distance  from  a  suspended  needle,  the  difference 
in  the  amount  of  deflection  of  the  latter  in  the  two  positions  determin- 
ing the  effect  of  the  earth's  inductive  action  upon  the  magnet.  The 
following  formula,  differing  slightly  from  Lament's,  is  due  to  the  late 
John  Welsh  :  — 

In  the  first  place  it  is  assumed  that  the  induction  produced  by  the 
earth's  action  is  distributed  in  the  same  manner  throughout  the 
magnet  as  its  permanent  magnetism. 

Now  let  /t  =  the  increase  of  the  magnetic  moment  m,  caused  by  the 
action  of  an  inducing  force  =  unity,  also  let  H,  V  denote  the  horizontal 
and  vertical  components  of  the  earth's  force,  and  let  i  denote  the  in- 
clination. Further,  let  0,  0'  denote  the  angles  of  deflection  north  end 
downwards  and  north  end  upwards.  Finally  let  u  =  angle  of  deflection 
produced  when  the  magnet  is  used  as  an  ordinary  deflector  at  distance 

unity.     Then,  first  of  all,  we  have  =  p.     Next,  since  the  line 

joining  the  centres  of  the  two  magnets  is  in  every  part  of  the  observa- 
tion approximately  at  right  angles  to  the  suspended  needle,  it  will 
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follow  that  the  attraction  of  the  deflecting  bar  will  be  proportional  to 
its  magnetism. 

Hence,  if  c  be  a  constant,  we  may  state  the  equation  of  equilibrium 
north  pole  downwards  thus — 

c(m  +  Vfi)  =  H  sin  0       .         .         .         .     (5) 
and  with  north  pole  upwards  thus — 

c(m  -  V»  =  H  sin  0'       .         .         .         .     (6) 
By  subtraction  and  addition  of  (5)  and  (6)  we  derive 

2cV/x  =  H  {sin  0  -  sin  0'}  and  2cm  =  H  {sin  0  +  sin  0'} 
Hence,  dividing  the  first  of  these  equations  by  the  second, 

V^  _  sin  0  -  sin  0'  _  tan  J(0  -  0') 
m  ~  sin  0  +  sin  0'  ~  tan  |(0  +  0') ' 

and  since  V  =  H  tan  i  we  have 

m         tan  |(0  -  0') 


H  tan  i    tan  V(0  +  0')' 


_    ,    .        m    smw         . 

But  since  |j  =  —  ^—  ,  we  have  finally, 


sin  u      tan  ^(0-0') 
2tanz     t 


Whipple  finds  that  on  an  average  /*  =  0-000207. 


F. 
ADDITIONAL  PRACTICAL  DETAILS. 

1.  Manipulation  of  Gold  Leaf. — To  provide  the  electroscope 
with  gold  leaves  is  a  comparatively  easy  process  when  we  are 
provided  with  the  following  materials  as  used  by  the  gilder  : — 
(1.)  A  cushion,  this  consists  of  a  board  8  inches  by  5  inches, 
which  is  first  covered  with  baize  and  then  with,  buff  leather, 
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F'J 

tightly  stretched.  At  one  end  is  a  raised  edge  of  parchment  to 
protect  the  cushion  from  accidental  winds.  (2.)  A  gilder's  knife, 
which  is  a  kind  of  palette  knife  with  a  long  flexible  blade,  hav- 
ing an  edge  not  sufficiently  sharp  to  cut  the  leather  of  the 
cushion.  (3.)  A  tip  or  large  flat  brush  of  squirrel's  hair  for 
taking  up  and  placing  the  gold  leaf.  (4.)  A  powder  of  burnt 
talc,  which  is  dusted  upon  the  cushion  to  prevent  the  gold  leaf 
from  sticking  to  it. 

The  leaf  is  transferred  by  means  of  the  knife  to  the  cushion, 
and  then  cut  by  pressure  of  the  knife.  The  cut  leaf  may  then 
be  lifted  by  the  tip,  very  slightly  greased. 

2.  Switch  for  Battery. — Fig.  23  shows  the  general  arrange- 
ment of  a  switch  for  one  or  two  cells.  A  metal  bar  SSj,  pro- 


vided  with  a  handle  at  Sx  and  pivoted  at  S,  may  be  placed  in 
contact  with  any  one  of  three  metal  segments,  0,  1,  and  2,  that 
are  fixed  to  a  wooden  or  ebonite  block.  When  the  switch  is  at 
0  both  cells  are  out  of  the  circuit  that  connects  A  and  B,  but 
according  as  the  switch  is  at  1  or  2  one  or  two  cells  are  in  circuit. 
Instead  of  a  pivoted  switch  a  plug  switch  is  often  used. 

3.  Silk  for  Suspension  of  Galvanometer  Needles. — The  best  silk 
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is  obtained  from  the  middle  of  a  good  cocoon.  The  cocoon 
should  be  steeped  in  tepid  water,  and  the  silk  wound  off  it  on 
to  a  simple  reeling  machine.  Fig.  24  shows  such  a  machine,  in 
which  the  reel  R  is  made  of  a  number  of  glass  rods  that  connect 


Fig.  24.  -  REEL  FOR  SILK. 

the  two  wooden  ends  of  the  reel.  When  the  silk  has  been 
wound,  the  handle  h  should  be  removed,  and  the  whole  covered 
by  a  glass  shade  to  protect  the  silk  from  dust.  See  also  Vol.  I. 
Appendix  C. 

4.   Clamp  and  Binding  Screws. — The  various  patterns  of  these 
are  figured  (Fig.  25). 

1  is  of  the  ordinary  French  pattern. 

la  is  a  special  pattern  of  the  same,  with  a  second  binding 
screw  at  the  end  of  its  shank. 

2  is  an  ordinary  telegraphic  binding  screw. 

2  a  is  the  same  with  a  lock  nut. 

26  is  the  same  with  a  double-screw  for  use  with  two  separate 
wires. 

3  and   3a  are    common   clamp   screws  for    connecting    two 
wires. 
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36  is  the  telegraphic  pattern  that  is  also  useful  for  connecting 

plates, 
4  is  a  battery  clamp. 


la 


Fig.  25.— CLAMP  AND  BINDING  SCREWS. 

5.  Turned    Wood  Reels. — These   may  be   obtained  made  of 
boxwood,  the  wall  of  the  reel  being  so  thin  as  to  be  semi- 
transparent.      They  are  very  useful  for  making  electro-magnets, 
etc. 

6.  Manufacture  of  a  Paraffin  Paper  Condense^'. — In  making  the 
condenser  the  process  is  much  facilitated  by  having  two  operators. 
They  should  be  provided  with  good  thin  paper  of  foolscap  size, 
thin  tinfoil  in  sheets  48  cm.  by  32  cm.,  and  a  shallow  bath  of 
clean  paraffin.      (1.)  Each  sheet  of  tinfoil  should  be  thrice  folded. 
At  least  twenty  of  these  eight-paged  sheets  should  be  piled  on 
the  top  of  each  other  and  well  pressed  together.     They  should 
then  be  taken  to  a  bookbinder,  who  should  be  directed  to  cut 
away  the  edges  and  one  corner,  as  shown  at  h  g  of  Fig.  26. 
In  this  way  160  separate  sheets  will  be  prepared.      (2.)  Divide 
each  sheet  of  foolscap  into  four  equal  parts,  and  examine  each 
one  for  pin-holes  by  holding  it  between  the  eye  and  a  gas  jet  in 
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a  dark  room.  Make  a  pile  of  1*70  perfect  sheets,  and  let  them 
be  cut  by  a  bookbinder  into  the  form  a  b  c  d  e  f  (Fig.  26).  (3.) 
Melt  the  paraffin  by  two  Bunsen  burners,  and  take  care  that  the 

melted  wax  does  not  boil  or  burn. 
Well  warm  the  sheets  at  the  fire. 
(4.)  Fasten  a  string  across  the 
room,  on  which  are  placed  a  num- 
ber of  wooden  clips.  Whilst  one 
operator  is  keeping  the  wax  at  the 
right  temperature,  the  other  should 
take  a  sheet  of  paper  and  dip  it  in 
the  wax  for  a  short  time,  taking 
care  not  to  allow  it  to  be  singed. 
On  removing  it  out  of  the  bath, 
if  the  wax  is  hot  enough,  the  air 
bubbles  will  run  off.  If  not,  the 
paper  must  be  again  immersed 
and  the  process  repeated.  Sus- 
pend the  paper  by  one  corner 
by  a  wooden  clip  until  the  wax 
sets  hard.  Proceed  in  this  manner  until  all  the  sheets  are 
waxed.  (5.)  Commence  to  build  up  the  condenser.  Place 
a  piece  of  waxed  paper,  abed  e  f  (Fig.  26),  at  the  bottom,  on 
this  place  a  sheet  of  tinfoil  g  h  k  I  m,  with  the  corner  m  project- 
ing. On  this  place  another  sheet  of  paper,  upon  which  a  second 
sheet  of  foil  must  be  made  to  lie  with  the  left-hand  corner  in- 
stead of  the  right-hand  one  projecting.  The  piling  up  of  the 
paper  and  tinfoils  is  continued,  with  the  corners  of  the  latter 
projecting  first  to  the  right  and  then  to  the  left,  until  all  the 
tinfoils  are  exhausted.  At  the  top  of  the  pile  put  several  sheets 
of  paraffin  paper.  Bind  the  whole  together  by  elastic  bands, 
and  fold  the  whole  in  paraffin  paper.  The  condenser  should 
now  be  well  pressed  at  a  bookbinder's.  (6.)  A  shallow  wooden 
box,  into  which  the  condenser  will  just  fit,  will  now  be  required. 
It  should  have  a  lid  fitted  with  screws  and  a  strip  of  ebonite  let 
into  one  of  its  narrower  ends.  The  insulation  of  the  box  is  im- 
proved by  coating  it  internally  with  paraffin.  The  exposed  ends 
of  the  tinfoil  are  to  be  well  pressed  together  and  put  in  connec- 
tion with  two  binding  screws,  whose  shanks  pass  through  the 
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strip  of  ebonite  into  the  box.  To  ensure  a  good  connection  frag- 
ments of  tinfoil  must  be  packed  between  the  shanks  and  the 
tinfoil.  Finally,  the  condenser  may  be  fixed  in  position  in  the 
box  by  pouring  melted  paraffin  in  at  the  edges  ;  paraffin  paper 
should  be  put  at  the  top  to  fill  the  box  and  the  lid  screwed  on. 
(7.)  It  will  now  be  well  to  test  for  leakage  by  the  method  of 
p.  192.  The  insulation  resistance  at  first  should  be  found  to 
be  high,  but  owing  to  some  reason  not  altogether  explained  it 
gradually  falls  so  as  to  make  a  paraffin  paper  condenser  very 
inferior  to  one  of  mica.1 

7.  Construction  of  Tangent  Galvanometer.  —For  the  information 
of  any  one  who  wishes  to  construct  a  tangent  galvanometer  of  the 
type  described  in  Lesson  XXXIX.,  the  working  drawings  of  the 


£ 


Fig.  27. 


reel  and  compass  box  are  given.     Fig.  27  shows  the  reel  and 
Fig.  28  the  compass  box  in  plan  and  section.     The  small  recess 

1  Condensers,  with  insulating  qualities  equal  to  mica  but  far  cheaper, 
are  now  made  by  the  Societe  d"  Exploitation  des  Cables  Electriques 
Systeme  Bcrthoud,  Borel  &  Co.,  Cortaillod,  Switzerland. 
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shown  in  the  latter  is  for  the  reception  of  the  glass  that  covers 
the  box.  It  will  be  found  of  great  convenience  to  make  the 
base  of  two  separate  pieces,  one  above  the  other,  the  upper  one 
being  pivoted  so  as  to  enable  the  instrument  to  be  turned  in 
azimuth. 

8.  Soldering. — Perhaps  no  operation  in  the  electrical  labor- 
atory is  so  important  or  requires  to  be  performed  so  often  as 
soldering ;  hence  a  few  details  relating  to  it  will  be  useful.      The 
materials  requisite  are  a  small  soldering  iron,  soft  solder,  and  a 
means  of  heating  the  iron.     We  find  the  soldering-iron  heater 
of  Fletcher  very  useful  for  the  purpose.   There  will  further  be 
necessary  either  powdered  resin  or  chloride  of  zinc  for  enabling 
the  solder  to  make  good  contact.     The  former  material  is  much 
to  be  preferred  for  electrical  apparatus,  but  it  is  more  difficult 
to  solder  by  its  means  than  by  the  chloride  of  zinc.     When  the 
latter  is  used  the  soldered  place  should  afterwards  be  washed, 
otherwise  galvanic  corrosion  will  take  place  at  the  joint. 

9.  Substitutes    for    Wire    Resistance.  —  Resistance    coils    of 
German  silver  being  very  expensive,  it  is  desirable  that  the 
student  should  know  of  several  simple  substitutes.     (1.)  Hittorfs 
/Solution. — This  has  already  been  mentioned  (p.  192).      It  is  a 
solution  of  amylic  alcohol,  containing  10  per  cent  of  cadmium 
iodide.      The   electrodes  are  of  cadmium  obtained  by  melting 
the  metal  in  a  glass  tube  and  inserting  a  platinum  wire  in  the 
molten  metal,  which   is  allowed   to  set,  and  then  the  glass  is 
broken  away.      The  tube  containing  the  solution  should  be  kept 
vertical,  and  it  is  advisable  that  the  lower  electrode  should  be 
connected  with  the  negative  pole,  since  the  solution  is  apt  to  con- 
centrate there,  and  otherwise  liquid  currents  would  be  formed. 
The    prepared    tube    should     show    no    polarisation    current. 
(2.)    Carbon    Resistances.  —  The     specific    resistance    of    carbon 
varies  very   greatly  according,   to   its   method   of   preparation. 
That  of  the  open-grained  charcoal  sticks  used  by  artists  is  very 
high,  whilst  that  of  the  dense  carbon  employed  in  electric  light- 
ing is  comparatively  low.     Thus  by  selecting  specimens  of  car- 
bon of  varying  denseness  a  series  of  useful  resistances  may  be 
made.     The  carbon  is  best  mounted  by  copper-plating  its  ends, 


G.] 


APPENDIX. 


495 


which  are  then  soldered  to  wires  in  connection  with  binding 
screws.  Resistances  may  also  be  made  by  rubbing  pencil  lines 
on  ground  glass,  or  using  graphite  paper  (i.e.  paper  in  which 
graphite  has  been  incorporated  with  the  pulp).  Finally,  ordin- 
ary lead  pencils  and  incandescent  lamps  containing  prepared 
carbon  filaments  are  useful. 


G, 

ADDITIONAL  TABLES. 
TABLE  P. 

RESISTANCE  OF  HARD-DRAWN  PURE  COPPER  WIRES,  ACCORDING 
TO  THE  NEW  STANDARD  WIRE  GAUGE. 

Temperature  15°  Cent. 


Ng 

Diameter. 

Resistance. 

Weight 
(Density  =8  -95) 

fo 

£~so 

fca 

Ohins 

Ohms 

Lbs. 

Grms. 

Ins. 

Cms. 

per 
Yard. 

Metre. 

per 
Yard. 

per 
Metre. 

1 

' 

7/0    i  '500 

1-270 

•000126  j  -000137 

2-285 

1134-0 

6/0       '464 

1-179 

•000146  '  -000159 

1-970 

976-3 

5/0 

•432 

1-097 

•000168  j  -000184 

1-706 

846-3 

4/0       '400 

1-016 

•000196 

•000215 

1-463 

725-6 

3/0 

•372 

•945 

•000227 

•000248 

1-265 

627-6 

2/0 

•348 

•884 

•000259 

•000283 

1-107 

549-6 

0 

0 

•324 

•823 

•000299 

•000327 

•960 

476-1 

1 

•300 

•762 

•000349 

•000381 

•823 

408-1 

2 

•276 

•701 

•000412 

•000451 

•696 

345-4 

3 

•252 

•640 

•000494 

•000541 

•581 

288-0 

4 

•232 

•589 

•000583 

•000638 

•492 

244-1 

5 

•212 

•538 

•000698 

•000764 

•411 

203-8 

6 

•192 

•488 

•000851 

•000931 

•337 

166-8 

7 

•176 

•447 

•00101 

•00111 

•283 

140-5 

8 

•160 

•406 

•00123 

•00134 

•234 

116-1 

9 

•144 

•366 

•00151       -00166 

•190 

94-0 

9 

10 

•128 

•325 

•00192 

•00210 

•150 

74-3 

11 
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RESISTANCE  OF  HARD-DRAWN  PURE  COPPER  WIRES,  ACCORDING 
TO  THE  NEW  STANDARD  WIRE  GAUGE. 

Temperature  15°  Cent. 


•?|o 
Is* 

Q^oi 

Diameter. 

Resistance. 

Weight. 
(Density  =8  -95) 

Nearest  ; 
B.W.G. 

Ins. 

Cms. 

Ohms 
per 
Yard. 

Ohms 
per 

Metre. 

Lbs. 
per 
Yard. 

Grms. 
per 

Metre. 

11 

•116 

•295 

•00233 

•00255 

•123 

61-0 

12 

•104 

•264 

•00290 

•00317 

•0989 

49-0 

13 

•092 

•234 

•00371 

•00406 

•0774 

38-4 

1*1 

14 

•080 

•203 

•00490 

•00536 

•0585      i    29-0 

15 

•072 

•183 

•00606 

•00662 

•0474 

23-5 

16 

•064 

•163 

•00760 

•00838 

•0374 

18-6 

16 

17 

•056 

•142 

•0100 

•0109 

•0287 

14-2 

18 

•048 

•122 

•0136 

•0149 

•0211 

10-4 

19 

•040 

•102 

•0196 

•0215 

•0146 

7-26 

20 

•036 

•0914 

•0242 

•0265 

•0118 

5-88 

20 

21 

•032 

•0813 

•0307 

•0335 

•00936 

4-64 

21 

22 

•028 

•0711 

•0400 

•0438 

•00717 

3-56 

23 

•024 

•0610 

•0545 

•0596 

•00526 

2-61 

24 

•022 

•0559 

•0649 

•0709 

•00443 

2-19 

24 

25 

•020 

•0508 

•0786 

•0858 

•00366 

1-80 

26 

26 

•018 

•0457 

•0969 

•106 

•00296 

1-47 

27 

27 

•0164 

•0417 

•117 

•128 

•00246 

1-22 

28 

•0148 

•0376 

•143 

•157 

•00200 

•893 

29 

•0136 

•0345 

•170 

•185 

•00169 

•839 

30 

•0124 

•0315 

•204 

•223 

•00141 

•697 

31 

31 

•0116 

•0295 

•233 

•255 

•00123 

•610 

32 

•0108 

•0274 

•269 

•294 

•00107 

•529 

33 

•0100 

•0254 

•314 

•343 

•000914 

•453 

32 

34 

•0092 

•0234 

•371 

•406 

•000774 

•384 

35 

•0084 

•0213 

•445 

•486 

•000645 

'320 

36 

•0076 

•0193 

•544 

•594 

•000548 

•262 

36i 

37 

•0068 

•0173 

•679 

•742 

•000423 

•210 

38 

•0060 

•0152 

•872 

•954 

•000329 

•163 

39 

•0052 

•0132 

1-16 

1-27 

•000247 

•123 

40 

•0048 

•0122 

1-33 

1-49 

•000211 

•104 

I 

'••i 
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TABLE  Q. 
VAPOUR  TENSION  OF  SULPHURIC  ACID  AND  WATEK. 


Temp.  *C. 

For  Acid  of  25  per 
cent  (Regnault). 

For  Acid  of  10  per  cent 
(Berlin  ;  approximate). 

m. 

mm. 

13 

9-37 

10-09 

14 

9-99 

10-78 

15 

10-64 

11-50 

16 

11-33 

12-27 

17 

12-05 

13-08 
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ADTNAMIC  leads,  248 

Alternate  currents,  measurement  of, 

214,  422 

Amalgamation  of  zinc,  55 
Ampere,  87,  476 
Ampere's   rule,  deflection  of  needle 

by  current,  62 
Area  of  induction,  380 

BATTERY,  Bunsen's,  54 

Daniell's,  67,  477 

—  Latimer  Clark's,  480 

—  Leclanche,  134 

resistance  of,  99, 198,  221,  226, 

410,  437,  451 
standards,  477 

—  theory  of,  78 

Beetz,  measurement  of  battery  resist- 
ance, 221 

form  of  Daniell's  battery,  478 

Biot,  formula  for  distribution  of  mag- 
netism, 49 

Biot  and  Savart's  electromagnetic 
law,  314 

Bosscha,  comparison  of  electromotive 
forces,  483 

Bunsen's  battery,  54 

CABLE,  insulation  resistance  of,  438, 

453 
Calorimeter,  measurement  of  current 

by,  264 
Capacities,  comparison  of,  401,  411, 

413,  438 


Capacity,  definition  of,  476 
instantaneous,  415 

—  unit  of,  399 
Carbon  resistances,  494 
Chronometer  factors,  294 
Circular  current,  action  on  magnet, 

318 

Clark's  standard  cell,  480 

Cleansing  liquids,  70 

Coefficients  of  induction,  390 

Coercive  force,  24 

Coils,  comparison   of    constants    of, 
266 

box  of,  94 

—  used  as  Wheatstone  bridge, 
133 

Commutator,  Pohl's,  60 

Compensation  methods  for  comparing 
electromotive  forces,  483 

methods  for  measuring  resist- 
ances, 220 

Condenser,  398 

—  absolute  capacity,  measurement 

of,  407 
absorption  and  residual  charge, 

406 
comparison  of  capacities,  401; 

411,  413,  438 

—  laws  of  combination,  404 

—  leakage,  405 

paraffin  paper,  manufacture  of, 

491 

Conducting    enclosure,    electrostatic 
effect  of,  15 
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INDEX 


Conductivities,  specific,of  electrolytes, 

219 

specific,  of  metals  and  alloys,  11 6 

Conductors,  order  of,  4 
Consequent  poles,  26 
Copper  plating,  67 

wire,  resistance  of,  495 

Coulomb,  250,  476 

Current,  lines  of  force  due  to,  469 

Currents,  alternate,  measurement  of, 

214,  422 
transient,  measurement  of,  360 

DAMPING,  measurement  of  resistance 

by,  372 

elementary  theory  of,  365 

experiments  on,  370 

Daniell's  battery,  67,  477 
Declination),  magnetic,  308 
Decrement,  logarithmic,  367,  371 
Deflection,  observation  of,  in  deter- 
mining H,  299 

Density  of  dilute  sulphuric  acid,  260 
De  Sauty,  comparison  of  condensers, 

411 

Detector,  vertical,  72 
Dilute  sulphuric  acid,  density  of,  260 
sulphuric  acid,  vapour  tension 

of,  497 

Dip  circle,  275 
Discharge  key,  400 
Distribution    of    magnetism,    Biot's 

formula,  49 

of  magnetism,  methods  of  deter- 
mining, 45,  51,  387 

EARTH  inductor,  381,  384 
Earth's  magnetic  field,  intensity  of,  27 
Electrification  by  conduction,  3 
—  by  friction,  2 

by  induction,  5 

multiplication  of,  12 

order  of,  14 

Electro -chemical  equivalents,  249 
Electro-dynamometer,  214 
Electrolytes,  198 

resistance   of,  204,    206,    208, 

209,  216,  221 


Electro-magnetism,  314 
Electro-magnet,  formula  for,  335 

lifting  power  of,  340 

—  study  of  laws  of,  335 
theory  of,  331 


Electro-magnetic  induction,  343 
—  laws,  3xperimental  proof  of,  324 

Electrometer,  absolute,  423 
-  Hankel's,  417 
portable,  425 


quadrant,  433 

—  symmetrical,  theory  of,  430 

—  types  of,  416 
Electromotive  force,  81 

unit  of,  86,  473,  476 

forces,  comparison  of,  101,  409, 

420,  429,  437,  483,  484 
Electrophorus,  use  and  theory  of,  8 
Electroscope,  gold-leaf,  2 
Electrostatic  laws,  summary  of,  16 

unit  of  quantity,  18,  475 


Enclosure,  conducting,  effect  of,  15 
Equipotential  surface,  460 
External  influence,  protection  from, 

16 
Extra  currents,  358 

FALSE  zero  method,  453 

Farad,  399,  476 

Faraday,  ice-pail  experiment,  10 

experiments  on  extra  currents, 

358 

Felici,  experiments  on  electro-mag- 
netic induction,  350 

Figure  of  merit,  98 

Finite  arc,  correction  for,  295 

Fleming,  form  of  Daniell's  battery, 
479 

Force  outside  a  charged  conductor, 
464 

Frolich,  formula  for  electro-magnet, 
335 

GALVANOMETER,  ballistic,  theory  of, 

360 
—  constant  of,  244,  251,  253,  255 

264,  268 
—  Deprez  and  D'Arsonval,  200 
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Galvanometer,  differential,  142 

—  figure  of  merit  of,  98, 
high  resistance,  117 

sensibility  of,  128 

low  resistance,  146 

—  mirror,  construction  of,  88, 

—  potential,  271 

—  resistance  of,  98,  140,  450, 

—  standard,  construction  of,  244 
tangent,  construction  of,  226, 

493 

—  measurement   of  battery 

resistance  by,  228 
—  measurement   of  E.M.F. 

by,  238,  247 

measurement  of  wire  re- 
sistance by,  235 

—  theory  of,  225,  241 
with  sliding  compass  box, 

319 
Galvanoscope,  73,  357 

calibration  of,  112 

Gauss,  tangent  positions,  31 
Geographical  meridian,  determination 

of,  310 

Gold-leaf,  manipulation  of,  486 
Grotthiiss,  hypothesis  of  electrolytic 

action,  66 
Guard  ring,  424 

HALDAT'S  figures,  26 

Half-deflection  method,  229 

Hankel's  electrometer,  417 

Hittorfs  cadmium  iodide  solution, 
192,  494 

Horizontal  intensity  of  earth's  mag- 
netism, 37,  298 

Horsford,  measurement  of  electrolytic 
resistance,  208 

Hughes'  induction  balance,  355 

ICB-PAIL  experiment,  10 

Induced  currents,  formula  for,  471, 

475 
Induction,  area  of,  380 

—  balance,  355 

coefficient  of  magnet,  289,  304, 

486 


Induction  coefficients,  definition  and 

comparison  of,  390 

electro-magnetic,  343 

magnetisation  by,  22 

electrostatic,  5 

Inductor,  earth,  381,  384 
Instantaneous  capacity,  415 
Insulators,  resistance  of,  194,  438 
Intensity  of  magnetisation,  339 
Inverse  square,  law  of,  for  electricity, 

18 
square,  law  of,  for  magnetism, 

27 

JOULE'S  law,  263 

KIRCHHOFF'S  laws,  441, 
Kohlrausch  and  Nippoldt,  measure- 
ment of  electrolytic  resistance,  216 

LINEAR  current,    action  on  magnet, 

314 

Lines  of  force,  461 
Lodge,  form  of  Daniell's  battery,  479 
Logarithmic  decrement,  367,  371 

MAGNET,  action  of  circular  current 
on,  318 

action  of  linear  current  on,  314 

a  magnet  on,  32 

•  solenoid  on,  327 

description  of,  19 

—  moment  of,  31,  37,  298 

temperature  and  induction  co- 
efficients of,  289,  304,  486 

time  of  vibration  of,  285 

Magnetic  axis,  19 

curves,  24 

declination,  308 

elements,  275 

—  field,  24,  374 

—  fields,  comparison  of,  385 
inclination,  275 

—  meridian,  19 

moment,  determination  of,  37 

298 

—  poles,  names  of,  19 
pole,  unit,  464,  476 
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Magnetic  shell,  336,  466 
potential  of,  467 

Magnetisation  by  induction,  22 

intensity  of,  339 

Magnetism,   distribution  of,  45,  51, 
387 

effect  of  temperatxire  on,  42,  486 

—  fundamental  experiments,  21 

Magneto-inductor,  373 

Magnetometer,  simple,  37 
-  Kew,  285,  299 

Magnetoscope,  20 

Mance,  battery  resistance  method, 
209,  451 

Maxwell,  rule  for  current  network, 
445 

Megohm  resistance,  192,  494 

Mho,  115 

Microfarad,  399,  476 

Mirror  galvanometer.  See  galvan- 
ometer 

Morse  key,  344 

Multiple  arc  box,  175 

Mutual  induction,  coefficient  of,  396, 
475 

OHM,  87,  161 

Ohm  coil,  construction  of,  110,  170 

Ohm's  law,  81,  439 

experimental  proof  of,  102 

PARAFFIN  paper  condenser,  491 

Parallel  plates,  electrostatic  attrac- 
tion between,  422 

Plate,  electrostatic,  attraction  on 
particle,  457 

Plating  bath,  68 

Poggendorff,  comparison  of  electro- 
motive forces,  484 

Pohl's  commutator,  60 

Polarisation,  80,  198 

Poles,  magnetic,  names  of,  19 

Porous  pots,  57 

Post-office  resistance  box,  133 

DanielPs  battery,  477 

Potential  of  sphere,  464 

Potential,  theory  of,  457 

Poyntiug's  apparatus,  324 


QUANTITY  of  electricity,  unit,  18, 
455,  475,  476 

RAOULT,  form  of  Daniell's  battery, 
478 

Rayleigh,  comparison  of  electro- 
motive forces,  485 

Reels,  491 

Residual  charge,  406 

Resistance  coils,  wires  for,  97 

—  of  copper  wire.  495 
Resistances,   high,   measurement  of, 

191,  438,  453 
electrolytic,  208,  216 

—  low,  177,  182,  187 
-  megohm,  192,  494 

Rheostat,  172 

Rowland,    comparison    of    magnetic 

fields,  383 
on     magnetic     distribution, 

387 

SAND  cells,  487 

Scale  for  galvanometer,  122 

Scratch  brush,  69 

Screws  for  connections,  490 

Self-induction,  coefficient  of,  390 

experiments  on,  357 

Shunts,  131 
Silk  fibre,  489 

removing  from  wire,  108 


Slide  bridge,  148,  153,  158,  171,  216, 
221 

wire  calibration  of,  166 

Soldering,  494 

Solenoid,     action     on     magnet     of, 

327 

Specific  conductivities  of  electrolytes, 
219 

—  conductivities    of    metals    and 

alloys,  116 

—  inductive  capacity,  476 
resistance,  114 


Spherical  shell,  attraction  on  particle, 

455 

Switch  board,  160 
Switch  for  battery,  489 
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TANGENT  galvanometer.     See  galvan- 
ometer 

positions  of  Gauss,  31 

Temperature,  effect  of,  on  magnetism, 
42,  486 

effect   of,    on   resistance,    139, 

169,  220 

coefficient  of  magnet,  289,  304, 

486 

Test-nail  method,  51 

Thomson,  comparison  of  condensers, 
413 

form  of  Darnell's  battery,  480 

portable  electrometer,  425 

quadrant  electrometer,  433 

Thury,    proof    of    electro  -  magnetic 
laws,  324 

Torsion,  correction  for,  290,  309 

Transient  currents,  measurement  of, 
360 

Trapeze  earth  inductor,  384 

UNIFORM    magnetic  field,   investiga- 
tion of,  374 
Units,  electrical,  86,  455,  475 


VIBRATION  method  for  magnetic  dis- 
tribution, 46 

time  of,  measurement  of,  40, 

285 

Volt,  87,  476 

Voltameter,  fitting  up,  64 

—  Poggendorffs,  253 
—  silver,  254 

—  volume,  257 
-  weight,  255 

Volta's  electrophorus,  8 

WHEATSTONE  bridge,  best  arrange- 
ment of  arms,  450 

best   position   of  battery   and 

galvanometer,  449 

best  value  of  galvanometer  re- 
sistance, 449 

construction  of,  107 

theory  of,  105,  448 

Wheatstone's  net,  439,  447 

net,  experimental  proof  of  laws, 

454 

ZINC,  amalgamation  of,  55 
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